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Summary
This dissertation describes a study of the use of semiconductor optical amplifiers in 
analogue amplitude modulated systems.
Chapter 1 gives a brief introduction to lightwave systems, and to the role of the optical 
amplifier in future optical networks, while chapter 2 explains the mechanism of optical 
amplification in a semiconductor, and describes some of the characteristics of optical 
amplifiers.
The high levels of signal distortion and noise generated by optical amplifiers are a serious 
disadvantage in analogue systems, where signal quality requirements are high. Before 
these devices can be used to fulfill analogue applications, therefore, the mechanisms 
governing distortion must be understood, in order that it may be reduced. To enable 
this, two computer models have been written to predict the response of an optical 
amplifier to a variety of stimuli, and these are described in chapter 3.
Chapter 4 defines a process for the design of a low distortion semiconductor optical 
amplifier, and presents a simulation of its performance.
A novel method of reducing distortion with the use of an electrical negative feedback 
loop is described in chapter 5, and experimental verification of its performance is 
presented in chapter 6.
Modulation frequency conversion in an analogue system is investigated in chapter 7, by 
a variety of electro-optic and all-optical methods. One of these uses a high frequency 
resonance signal generated by the electronics in the feedback loop to modulate the bias 
current of the optical amplifier, providing frequency and wavelength conversion. The 
frequency shift provided by this technique is used to transfer the interference signal at 
the output of a Mach-Zehnder interferometer from dc, and thus enable successful 
measurement of the linewidth of a distributed feedback laser.
Final conclusions are presented in chapter 8.
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Introduction to Lightwave Systems
The replacement o f copper coaxial systems with optical fibres is expected to lead to 
improved communications and entertainment services to the home, and to enhanced 
computing efficiency. Optical amplification, which may be achieved using rare earth 
dopedfibre amplifiers, or semiconductor laser amplifiers, will play a major role in these 
future networks. Although present fibre amplifiers are more useful where amplification 
at a wavelength in the 1.51xm region is required, semiconductor amplifiers display great 
versatility, and have potential applications in optical signal processing over a wide 
range o f wavelengths.
1.1 Introduction
Although communications systems have advanced greatly during the last century, it is 
widely acknowledged that the present electrical systems are reaching the limit of their 
usefulness. It is predicted that in the future everyone will benefit from services such as 
high definition television, access to remote video libraries, video telephones and high 
speed supercomputing. If these are to be realised, the existing copper cable networks 
will need to be replaced by a medium with greater capacity. With a data-carrying capacity 
in the terahertz, optical fibre is the best possible solution to the problem. Long distance 
terrestrial telephone links are already carried by fibre, and optical cable television 
(CATV) links are already planned. In the future, optical fibre may even extend into 
every home, supplying a huge range of communications and entertainment services.
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Home entertainment is one of the exciting applications of future fibre systems; telephony 
and computer interconnects are two others. In the next section, the merits of fibre over 
copper will be briefly discussed for each of these situations. Following this, there will 
be a brief overview of some of the different methods of modulating and multiplexing 
signals, and their respective merits. Optical amplification will play an important part in 
future lightwave systems, and this will be briefly discussed, with reference to both doped 
fibre and semiconductor optical amplifiers. The bulk of this last section will concentrate 
on the more exciting applications for the semiconductor devices.
1.2 Fibre Applications
1.2.1 Home Entertainment Systems
Many homes already receive several cable television channels. The future, however, is 
likely to bring several hundreds of channels with high definition pictures, as well as 
interactive services such as video broadcast and home shopping. These facilities will 
require the transmission of huge amounts of data, and the capacity and data rates needed 
are beyond the capabilities of existing copper coaxial networks.
Thus the most important reason for change is the vastly increased bandwidth available 
in fibre systems. Present cable television networks, for example, typically carry 450 
MHz, consisting of 62 channels, on coaxial cable, which is capable of transmitting little 
more than 1 GHz [1]. In contrast, single mode fibre systems can already support more 
than 100 Gbit/s of information [2] using wavelength division multiplexing, and so fibre 
CATV systems will be capable of supplying many more channels and services than the 
present copper networks.
The disadvantages of the copper systems stem from the relatively high loss of coaxial 
cable, 1 dB/100 feet (almost 33 dB/km) [1], as compared with the loss of single mode 
fibre (SMF), which is 0.2 dB/km at a signal wavelength of 1.5 fim [4]. Current CATV 
system losses are high, due to the ’root and branch’ configuration used [1,3] (figure 1.1), 
in which signals leaving the head end are repeatedly split throughout the system until 
each home has been served. Because of the high loss of coaxial cable, and the power 
loss experienced every time the signal is split, amplifiers are needed every 1000-2000 
feet throughout the system [1,3]. Each of these amplifiers introduces noise into the 
system, also crosstalk (interference between different signal channels). This places limits
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on the amount of information the system can carry, and also requires that the amplifiers 
be very precisely controlled in terms of output power and gain flatness, if signal quality 
is to be maintained at an acceptable level; this leads to high system maintenance costs. 
Any increase in the amount of data carried by the system would lead to a worsening of 





Figure 1.1 Schematic of the ’root and branch’ configuration of current electronic CATV 
systems.
Optical fibres, with their lower loss, can support much larger repeater spacings, and have 
the considerable advantage that they are insensitive to bit rates; that is, the system data 
rate may be easily upgraded without increased system loss, although signal dispersion 
is a problem at very high data rates (in excess of 10 Gbit/s per channel).
The high maintenance cost of copper systems has already been mentioned; as well as 
the increased reliability and lower failure rate of fibre systems, optical fibre itself is 
cheaper than copper cable. However, although several city-based trials have been carried 
out in Europe [5], including a British Telecom trial of a fibre-to-the-home (FTTH) system 
in Bishops Stortford [6], it is not at present economically viable to replace the entire 
system, from head end to home, with fibre optic cables. Most houses are already wired
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up with coaxial cable which has sufficient capacity to supply the services that one house 
is likely to require, and the expense of taking fibre into each house and installing optical 
to electrical conversion circuitry is at present prohibitive.
Several schemes have been proposed, with differing degrees of optical incursion into 
the electrical network [1,3,6,7,8]. These may be summarised as fibre-to-the-curb 
(FTTC), fibre-to-the-feeder (FTTF) and fibre backbone (FBB).
In an FTTC network, the optical fibre link continues to the street, and each house is 
connected by coaxial cable. This has the advantage that it avoids the expense of con­
verting each individual house to fibre, but it does enable this step to be taken later [6].
FTTF systems have a fibre link from the head end to a series of local nodes, each serving 
300 - 500 homes which are electrically connected [3].
FBB was first proposed in 1988 [7] to break up the CATV system into a number of 
smaller systems to reduce the cascade of electrical amplifiers. It is similar to the FTTF 
system in that each node in the system serves several hundred subscribers with electrical 
signals, but here the existing coaxial trunk from the head end to the local nodes is overlaid, 
rather than replaced, by optical fibres. The existing trunk amplifiers are reversed to feed 
signals back to the head end, and so fewer lasers are required.
Another important consideration is electromagnetic compatibility (EMC), which is 
becoming a big issue [9,10]. With the proliferation of electrical and electronic facilities 
in every home, interference between equipment is difficult to avoid. Optical fibre 
transmission has the added advantage that it produces no electromagnetic interference.
With the increased demand for home services expected in the future, some combination 
of copper and fibre networks will certainly be required. The level of conversion to fibre 
will be determined by the capacity demands of the cable operators, and by economic 
constraints.
Fully interactive home services will not be practical unless the telephone companies are 
allowed to join with the cable television companies, to provide services such as video 
telephone in addition to the TV and video channels. In Britain, legislation prevents this 
happening. In America, where the restriction has recently been lifted, AT&T and Viacom 
International Inc. have linked up to carry out a trial of fully interactive television and 
video in California. 1000 homes will be served initially, rising to 4000 over the 18
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months of the trial [11]. Although this pioneering experiment will utilise existing copper 
cable networks, interstate systems must wait for a nationwide high capacity network, 
which will almost certainly be carried by fibre.
1.2.2 Telecommunications
The transmission rate of current telecommunication systems is limited by the speed of 
the electronic switching and data processing. An optical broadband integrated services 
digital network (B-ISDN) is proposed which will enable the transmission of tens of 
Gbit/s of information, including pictures for videophone [12]. This will make use of 
all-optical signal processing and switching.
Long-distance terrestrial telecommunications links are already carried by fibre; the next 
step may be to extend this into the home [5]. The successful trial of an FTTH system 
in Bishops Stortford [6] demonstrated the provision of telephone signals, along with 
television and audio channels, using fibre connection to each house in the trial. However, 
as mentioned before, it is not yet considered economically viable to extend this service 
nationwide.
Although there have been successful trials of FTTH telephony systems [5,6], too few 
subscribers were served for final conclusions to be drawn about their feasibility. Again, 
fibre to the home will almost certainly depend upon a change in the law to become 
feasible.
1.2.3 Computer Interconnects
As computer networks become more extensive, and computation more powerful, 
interconnects between mainframes and terminals, and between desktop PCs, will need 
to become faster and more reliable. Current copper based mainframe interconnects carry 
200 Mbit/s per network [13]; systems in which fibre is used as a substitute for copper 
will be able to carry 622 Mbit/s, 1 Gbit/s or even 2.4 Gbit/s, using multimode fibre 
(MMF) for short distances (less than 2 km), or single-mode fibre for longer spans [13]. 
Future all-fibre systems are expected to achieve the Gbit/s per node that will be required 
by applications in supercomputing and medical imaging. Short haul multimode optical 
interconnections between personal computers are already available, in the form of plug-in 
cards, from Hewlett-Packard and IBM.
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Present copper systems use time division multiplexing (TDM), in which different 
channels of information are chopped up into short packets of data, each of which has its 
own time slot (see section on multiplexing). This transmission scheme is limited in the 
number of channels it can manage by the speed of the system. Optical networks can, 
by the use of wavelength division multiplexing (WDM), multiply this number by the 
number of wavelengths the system can support.
The largest disadvantage of copper based interconnects lies in the hubs which route the 
signals [13]. These occupy a large volume, dissipate several watts of power and have 
a short mean time between failures. Most of the cost of the system lies in the cabinet, 
power supply, fans, electromagnetic screening and floor space required by these hubs. 
Optical hubs are expected to solve most of the problems of the electronic systems, while 
delivering greater information-carrying capability.
1.3 Modulation and Multiplexing Techniques
Since this project is concerned with analogue systems, this section will concentrate 
mainly on the most common analogue modulation and multiplexing techniques.
1.3.1 Amplitude Modulation
Amplitude modulation (AM) is applicable to both analogue and digital signals, but it is 
in analogue systems that it is most widespread. Current CATV systems use a form of 
AM known as vestigial sideband [1,3], which will be described later in this section, and 
so future optical CATV networks may also use this form of AM, for compatibility.
In an (AM) system, the amplitude of a high frequency carrier wave is modulated by the 
magnitude of the message signal, as shown in figure 1.2(a). The carrier frequency 
remains unchanged. The transmitted signal xc(t) may be described by [14]:
xc(t) = Ac [1 + (i *(/)] coscocf El . l
where Ac is the unmodulated carrier amplitude, (I is the modulation index such that |Li <
1, x(t) is the signal waveform, here normalised to an amplitude of ± 1 and coc is the 
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Figure 1.2(a) Amplitude modulation - schematic showing modulating signal and modulated 
waveform.
This simple form of AM wastes power, since the dc component carries no information. 
Some systems use double sideband suppressed carrier modulation (DSB-SC), in which 
the modulation index is set to 1, and the waveform becomes:
xc{t) = Ac x (t) cos coc t E1.2
Further, because the two sidebands in AM are symmetrical, either one contains all the 
information in the original signal. Suppressing one sideband along with the carrier halves 
the bandwidth required to transmit the signal, without loss of information, and is known 
as single sideband modulation (SSB). However, SSB signals are of poor quality at low 
frequencies, and so some form of compromise is necessary. This is known as vestigial 
sideband modulation (VSB), in which the unwanted sideband is partially transmitted. 
As already mentioned, electrical CATV signals are currently transmitted using AM-VSB 
modulation [1,3].
AM signals require a small transmission bandwidth, but have poor noise performance 
when compared to frequency modulation.
1.3.2 Frequency Modulation
In frequency modulation (FM) systems, the frequency of the carrier varies with the 
magnitude of the message waveform, but its amplitude remains constant (figure 1.2(b)). 
The frequency of the transmitted wave is described by [14]:
f ( t ) = f c+ A x( t )  E1.3
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Here f c represents the unmodulated carrier frequency, and/A is the maximum frequency
deviation, Jt(r) being fixed between ± 1 as before. FM signals have a superior noise 





Figure 1.2(1)1 Frequency modulation - schematic showing modulating signal and modulated 
waveform.
Where many channels are to be transmitted simultaneously, some form of mixing, or 
multiplexing, is required. Four techniques are briefly reviewed below.
1.3.3 Frequency Division Multiplexing
As the name implies, frequency division multiplexing (FDM) is the combination of 
multiple signal channels of different frequencies. Figure 1.3(a) shows three signals, 
each amplitude modulated in this case, multiplexed to form a baseband signal that will 
be used to modulate a final carrier before transmission. A typical baseband frequency 
spectrum is also shown. Although AM signals are used in this example, they could be 
modulated by some other technique, provided their frequency bandwidths do not overlap. 
The empty guard band between the signal frequencies reduces system crosstalk, that is 
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Figure 1.3(a) Frequency division multiplexing - block diagram of system and baseband 
frequency spectrum.
1.3.4 Wavelength Division Multiplexing
In wavelength division multiplexing (WDM), optical signals of different wavelengths 
are combined for transmission by fibre. Figure 1.3(b) shows a schematic of a WDM 
system, together with the optical frequency (wavelength) spectrum obtained. At the 
detector, the different wavelengths are separated and demodulated separately. Any 





1 2  3 4 Optical Frequency
(Wavelength)
Figure 1.3(b) Wavelength division multiplexing - block diagram of system and optical 
frequency spectrum.
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1.3.5 Time Division Multiplexing
Time division multiplexing (TDM) is prominent in digital systems, most importantly in 
computer networks. Here, the information from each channel is segmented into short 
bursts, and the signal channels are accessed sequentially to create the transmitted 
waveform, as shown in the timing diagram of figure 1.3(c). TDM requires absolute 
synchronization of the source and detector, to ensure that each channel is accessed at 






Figure 1.3(c) Time division multiplexing timing diagram for three channels and clock 
signal.
1.3.6 Subcarrier Multiplexing
When many electrical signals are to be relayed via optical fibre, subcarrier multiplexing 
(SCM) is often used; future optical CATV systems, for example, are expected to use 
this technique [8,15,16]. In an SCM system the electrical subcarriers, each modulated 
by a signal channel, are combined by some multiplexing method. The composite 
waveform is then used to modulate an optical signal. The principal advantage of this 
method is that each subcarrier has a narrow bandwidth, and so sophisticated electronics 
are not required for their generation. Because the subcarriers are narrow band, the 
individual optical receivers do not need a wide bandwidth, and so their noise is reduced. 
The use of a single optical beam reduces the number of laser sources required, and relaxes 
the tight control over emission wavelength required by WDM [8].
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These are the basic modulation and multiplexing techniques. Actual communications 
systems may use more advanced versions of these methods, or even combine two or 
more of them together [17].
1.4 Optical Amplifiers
Within an optical system there are several applications for optical amplifiers, to increase 
signal power and enhance system performance. The signal may need boosting before 
leaving the transmitter [18], particularly if an external modulator has been used, or it 
may need to be regenerated at intervals along the fibre link due to system losses [2]. In 
the latter situation, the optical amplifier would replace the electro-optic repeaters cur­
rently used, in which the signal is detected with a photodiode, reshaped and retimed 
electronically, and finally used to modulate a laser to retransmit the signal. Lastly, 
preamplification before the detector may be required [19,20]. There are two main types 
of optical amplifiers; doped fibre amplifiers and semiconductor optical amplifiers (SO A), 
and these will now be discussed.
1.4.1 Doped Fibre Amplifiers
These devices, consisting of a length of optical fibre doped with a rare earth element, 
typically erbium, rely on optical pumping by a semiconductor laser to provide carriers 
for stimulated emission. Where simple signal boosting is required, erbium doped fibre 
amplifiers (EDFA) are very attractive. They may be spliced into fibre systems with little 
or no coupling loss, and they have high gains, typically greater than 30 dB [21] or even 
40 dB [22], high saturation powers [21] and low noise. However, they also have 
drawbacks; they are expensive and not yet available for wavelengths in the 1.3 pm 
window, and the long length of fibre used, of the order of several metres, causes sig­
nificant signal delay. This can be a serious disadvantage in, for example, computer 
networks [13]. Because of these disadvantages, and the fact that EDFAs cannot be 
modulated or switched at frequencies greater than kHz, their major use is as gain blocks 
in 1.5 pm communications systems. Devices operating at 1.3 pm are being developed, 
but are not yet widely available.
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1.4.2 Semiconductor Optical Amplifiers
The second class of optical amplifier, the semiconductor optical amplifier, has a diode 
laser structure, with the facets AR coated to reduce optical feedback and thus prevent 
lasing taking place. The operation of these devices will be described in chapter 2.
Although the gain and saturation output power of these amplifiers are not as high as for 
the EDFA, being typically of the order of 25 dB and +3 dBm respectively [23], they do 
have several important advantages. As they are based on a laser structure, they can be 
designed to amplify in any wavelength range. They are small and require little power, 
being electrically rather than optically pumped, and although they suffer from coupling 
losses at the interface with the fibre, they have the advantage that they can be integrated 
on the same wafer as the laser source or the photodiode. The main disadvantage of SO As 
lies in the nonlinearity of the optical gain, which can cause phase and harmonic distortion 
of a modulated optical signal [24].
The SOA’s major advantage is its versatility. The same nonlinearity which causes signal 
distortion enables the device to find applications as for example a switch [25,26,27], a 
wavelength convertor [28,29,30], a phase modulator [31,32], a multiplexer or 
demultiplexer [33], a modulation frequency up or downconvertor [34], or a detector 
[26,35,36].
(i) Switching
Switching has been achieved at speeds of up to 3 GHz [27] by gating the bias current to 
turn the device on and off; SO As are particularly suited to this application, as they can 
completely block an incoming optical signal when switched off. When switched on, 
however, they can also provide gain to simultaneously boost the signal.
(ii) Wavelength Conversion
Wavelength conversion, using the nonlinear interaction between two optical signals in 
a process called four wave mixing, has resulted in shifts of up to 4000GHz (30 nm at
1.5 pm) [29]. Using amplifier gain saturation, shifts of several nm have been achieved 
at data rates of up to 20 Gbit/s [28]. By a different method, workers at British Telecom 
have succeeded in converting a signal from 1.3 pm to 1.5 pm, for subsequent amplifi­
cation by a fibre amplifier, using a two section semiconductor amplifier [30].
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(iii) Phase Modulation
Modulation of the optical phase of a signal can be achieved by modulating the SOA 
electrical drive, which modifies the refractive index of the cavity via the carrier con­
centration.
(iv) Modulation Frequency Conversion
When two signals of different modulation frequencies, for example a signal and a local 
oscillator frequency, are mixed inside the SOA, several frequency components are 
emitted, in a process akin to four wave mixing. Among these will be the sum and 
difference of the two original inputs. Thus the original signal frequency may be up or 
downconverted by the optical amplifier. This finds applications in preamplified 
receivers, for downconverting the microwave carrier frequency prior to detection [34].
Thus, although both EDFAs and SOAs perform optical amplification, they are not 
suitable for the same applications, and therefore they are not in competition. EDFAs 
are undisputably the most appropriate in situations where signal regeneration at 1.5 [im 
is required, SOAs at other wavelengths, or where some processing of the signal is 
required.
1.5 Conclusions
If the enhanced communications, entertainment and computing services planned for the 
future are to be realised, optical fibre will have to play an important part in future net­
works. Although long distance links will certainly be carried by fibre, and indeed some 
already are, it may not be economically viable to extend fibre links into every home.
If long distance optical links are to be efficient, some amplification of the signal will be 
required, whether by fibre or semiconductor devices. Doped fibre amplifiers are likely 
to find applications as gain blocks at 1.5 fim; semiconductor amplifiers have lower gain, 
but greater versatility where signal processing is required.
Because the inherent nonlinearity of SOAs gives rise to significant levels of signal 
distortion, their behaviour must be understood, with a view to optimisation, before they 
can be used in analogue systems.
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This dissertation describes a study of the nonlinear behaviour of SOAs, both theoretically 
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Semiconductor Optical Amplifiers
This chapter describes the operation and characteristics o f semiconductor optical 
amplifiers. Optical amplification is explained, with reference to optical absorption and 
emission, also the confinement o f carriers and photons within the active region o f the 
device. Important characteristics o f semiconductor optical amplifiers are described, 
and finally the two main classes o f SO A are contrasted. It is concluded that travelling 
wave type devices are preferable to Fabry-Perot amplifiers. However, they are difficult 
to fabricate, and it is for this reason that most practical devices are o f the near travelling 
wave variety.
2.1 Introduction
Laser amplifiers were proposed at the same time as semiconductor lasers, in the 1960’s 
[1]. The first semiconductor devices, however, in common with the contemporary lasers, 
had to be cooled to liquid nitrogen temperatures because of the high bias currents used. 
SO As as we know them today have been around since the early eighties, thanks to 
advanced material growth and device fabrication technology. It was originally hoped 
that semiconductor optical amplifiers would perform signal regeneration and boosting 
in future fibre communications systems. However, the nonlinearity of the device gain 
has led to their being supplanted by rare earth doped fibre amplifiers in 1.5 pm systems, 
while research has concentrated on more exotic signal processing applications for the
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SOA. There are occasions, though, when SOAs are the preferred choice, in 1.3 |im 
systems for example, or where financial and power budgets are restricted. For this reason, 
it is important to understand the behaviour of SOAs, and to appreciate their limitations.
This chapter provides an introduction to the operation of the semiconductor optical 
amplifier, and describes some of the characteristics of the device.
Figure 2.1 shows a simple schematic of an SOA. The bias current is injected through 
the top contact, and the light is emitted perpendicularly, from the edge of the device. 
SOAs have the same device configuration as semiconductor lasers, namely some vari­
ation of a diode structure. The most commonly used structure is based on the Fabry-Perot 
laser, but has the end facets anti-reflection coated, to reduce optical feedback and prevent 






Figure 2.1 Simple schematic of semiconductor optical amplifier
Simple descriptions follow of amplification, and of carrier and light confinement. 
Residual reflectivity of the end facets of an SOA gives rise to Fabry-Perot resonance, 
and the effect of this is discussed. The wavelength dependence of the gain is explained, 
together with the causes of gain saturation, amplifier noise, signal distortion and 
polarisation sensitivity. The two main types of SOA, travelling wave and Fabry-Perot, 
are then described and contrasted.
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2.2 Optical Amplification
Semiconductor optical amplifiers exhibit absorption, spontaneous emission and stimu­
lated emission, according to the level of electrical pumping employed. These processes 
are schematically described by figure 2.2, which considers a simple two energy level 
system, where nx is the number of carriers in the lower energy level Ej, and n2 is the 
number of carriers in level E2.
Where there is little or no bias current, ie carriers are not being injected into the device, 
the system will absorb any light entering the cavity (figure 2.2(a)), using the energy 
gained to promote electrons to the conduction band, represented by level E2 on the 
schematic. These promoted carriers can spontaneously recombine with holes in the 
valence band, level Ex, emitting photons of light, as shown in figure 2.2(b). The prob­
ability of this happening depends upon the proportion of electrons in the upper band, ie 
upon the degree of population inversion. This process is the origin of the broadband 






Figure 2.2 Schematic of (a) Absorption (b) Spontaneous emission (c) Stimulated emission 
in a two level system.
When the bias current is increased, there are more carriers in the conduction band, and 
the level of spontaneous emission increases. When all of the available states in the 
conduction band have been filled, the light is no longer absorbed, but is allowed to pass 
through. The device is now said to be transparent.
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As the bias current is increased further, the light in the cavity begins to be reinforced by 
a process called stimulated emission, as shown in figure 2.2(c). In this case, a photon 
of a particular energy passing through the cavity stimulates an electron in the conduction 
band to recombine with a hole in the valence band, level Ej, emitting another photon of 
the same energy and phase as the first. This is the process which provides optical 
amplification, and ultimately lasing action.
Increasing the bias current further will give a corresponding increase in optical gain, and 
if the facets of the device are not AR coated, lasing will eventually occur. However, if 
the facets are coated, there will come a point where the output power cannot continue 
to increase with bias, and the gain will cease to grow. This is known as saturation.
The recombination of carriers and the emission of light take place in the active region 
of the device, defined by carrier and light confinement. The next section will briefly 
explain these concepts, with examples of common confinement methods.
2.3 Optical and Electrical Confinement
For maximum device efficiency, the carriers and light must be confined together in the 
active region of the device. The end facets give longitudinal definition; transverse and 
lateral confinement will be discussed in this section. Figure 2.3 illustrates the definitions 
of the principal axes of the device.
Active layer
Lateral
Definition of lateral, transverse and longitudinal dimensions of a laser amplifier.
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2.3.1 Transverse Confinement - the double heterostructure
Transverse carrier confinement is achieved with the use of band structure engineering. 
Here, the structure of the conduction and valence bands within the device is controlled 
during the growth of the material. The use of interfaces between two material layers 
with different properties is known to create potential barriers to the movement of carriers, 
and this feature is widely used in the construction of lasers. The double heterostructure, 
having two heterojunctions, (interfaces between unlike materials), is the most common 















Figure 2.4(b) Energy band diagram showing carrier confinement
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To fabricate a double heterostructure, two different materials are grown in alternate 
layers, as in figure 2.4(a). As the simplified band diagram in figure 2.4(b) shows, a 
material of narrow energy bandgap is sandwiched between two layers of wide bandgap 
material. When the device is biased, electrons flood into the n-type material towards 
the active region, and flood out of the p-type material leaving holes behind. The injected 
electrons are prohibited from leaving the active region by the potential gradient at 
junction 1; the holes are restricted by the barrier at junction 2. Thus, the carriers are 
kept within the active region, where they recombine to produce light.
Optical confinement is achieved by use of the phenomenon of total internal reflection 
(TIR), which occurs at the interface between a material of high refractive index and one 
of low refractive index. For TIR to take place in the DH device, the wide bandgap 
cladding material must have a lower refractive index than that of the active region. 
Fortunately, wide bandgap IH-V semiconductors do indeed have lower refractive indices 
than narrower gap materials, and so the double heterostructure provides efficient con­
finement of both carriers and photons in the transverse direction.
2.3.2 Lateral Confinement - the buried heterostructure
Lateral confinement of carriers and photons is often achieved by the use of a buried 
heterostructure (BH) configuration, and indeed this is the structure of the SOA with 
which much of this dissertation is concerned.
To fabricate a BH device, the transverse material structure is laid down using some form 
of epitaxial growth process. The width of the active region is masked off using 
photoresist, and then the material on either side is etched away to a prearranged depth. 
Regrowth is used to fill the gaps thus left with a material of a lower refractive index, 
again utilising TIR for optical confinement.
Electrical confinement is provided by the interface between the active region and the 
regrown material, which gives rise to discontinuities in the energy bands. These dis­
continuities represent potential barriers to the movement of carriers, and provide lateral 
carrier restraint. The oxide layers on either side of the electrical contact funnel the bias 







Figure 2.5 (a) Schematic of buried heterostructure (b) Lateral variation of refractive index.
Traditional buried heterostructure devices exhibit efficient guiding of the light in the 
active region, but are less successful at confining carriers. A high proportion of the 
current injected into the device can be lost through leakage and diffusion of carriers 
around the active region [2]. For improved confinement, semi-insulating material can 
be implanted into the regrown regions to prevent carrier movement within these areas.
Having described the structure and operation of the optical amplifier, some of the 
characteristics of the device will be briefly described.
2.4 Fabrv-Perot Effects
It was stated in section 2.1 that SOAs are based on a semiconductor laser structure, but 
with the facets AR coated to reduce reflections. The ideal is a pure travelling wave 
device, with zero facet reflectivity, in which the input signal is amplified in a single pass 
through the cavity, as illustrated by figure 2.6. However, this is rarely achievable in 
practice, and some degree of reflectivity always remains.
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Figure 2.6 Schematic of a travelling wave semiconductor optical amplifier.
Where there is residual reflectivity, a certain proportion of the amplified light does not 
leave the cavity, but is reflected back by the output facet (figure 2.7). The effect of this 
is to set up a Fabry-Perot etalon in the cavity.
pin {
\  ^  J
P
out
Figure 2.1 Schematic of a Fabry-Perot semiconductor optical amplifier. 
The transmitted intensity of a Fabry-Perot etalon is given by:
(1 - R f
(1 - R ) 2 + 4/?sin2(J)
E2.1
where /, is the input intensity, R is the reflectivity of each facet and (j> is the optical phase
change associated with a single pass throught the cavity. There will be a transmission 
maximum when an integer number of half wavelengths fit exactly into the cavity, and 
a minimum when a half integral number fit.
This expression may be applied to an optical amplifier with the inclusion of gain terms:
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' (1 GJ2 + 4 a/r^  G5 sin2 <|>
E2.2
Here, Iout is the output intensity, Gs, is the single pass gain and Rx and R2 are the power
reflectivities of the facets. The facet reflectivities have been considered separately, 
otherwise the expression is similar to E2.1.
This condition gives rise to a strong wavelength dependence of the device gain, known 
as ripple, as shown in figure 2.8. The ripple amplitude depends upon the gain of the 
device, and upon the facet reflectivities, in the following way:
Gpeak
'trough
i + ^lRJ^2 Gs 
i - V r T ^ g .
E2.3
If there is no ripple on the gain curve, the device is said to be travelling wave; if 3 dB 
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Figure 2.8 Gain of a Fabry-Perot optical amplifier plotted over a short wavelength range, 
showing the effect of facet reflectivity. Power facet reflectivities 2 %, bias current 60 mA.
2 - 9
Gain ripple is a serious disadvantage of SOAs, and can cause severe signal degradation 
in high speed optical systems [3]. The variation of device gain with wavelength is a 
problem in itself, but the situation is worsened by the fact that the ripples are not 
stationary. If the carrier concentration in the cavity is changed, the interaction between 
the local electric field and the field of the light is modified. This causes a change in the 
effective refractive index inside the cavity, altering the effective cavity length and thus 
its peak transmission wavelength; a shift in the gain ripple with wavelength results. This 
effect may be caused by a change in input power, bias current or temperature of the 
device.
2.5 Gain Spectrum




Figure 2.9 Schematic of optical amplifier gain spectrum.
The shape of the spectrum is defined by the energy distribution of the carriers in the 
material, as shown in fig 2.10 [4]. The lowest energy transition (longest wavelength) 
corresponds to Eg, the size of the energy gap between the conduction and valence bands. 
The separation of the quasi-Fermi levels, Ep c and Ep v, defines the highest energy (shortest 
wavelength) transition [5]. The shape of the spectrum is defined by the energy profile 
of the carrier density, shown in figure 2.10. There is a lower distribution of carriers near 
to the band edge, because the available energy states are less dense there. As the energy
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increases, the probability of occupancy of a given state, defined by the Fermi function, 
decreases exponentially. This produces the characteristic gain spectrum depicted 
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Figure 2.10 Density of states and carrier density in a semiconductor.
Although the gain spectrum is not precisely parabolic, it is usually assumed to be so 
when the behaviour of the device is being modelled.
The 3 dB optical gain bandwidth is described by AA, = 2(Xp -  XJ, where Xp is the peak
gain wavelength and Xl is the signal wavelength for which the gain is half the peak value. 
The envelope gain of the device, taking into account the residual facet reflectivity, is 
defined as the peak value for each wavelength of the single pass gain, Gs:
G, =  ------‘ .I___ V  E2.4
It can then be shown that the 3 dB optical bandwidth is given by:
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where fl2 is a constant which describes the dependence of the gain upon the signal
wavelength, T represents the proportion of the light confined in the cavity, and is known 
as the confinement factor, L is the length of the cavity, and
% = -jR^R2 Gs E2.6
From equations E2.5 and E2.6, it may be inferred that residual facet reflectivity narrows 
the gain spectrum.
2.6 Gain Saturation
It was mentioned in section 2.2 that the gain of the device cannot increase indefinitely 
with electrical pumping. This limitation is imposed by the material structure and the 
dimensions of the device, which can only support a finite number of carriers, and therefore 
can only produce a finite amount of light.
Gain saturation is also experienced when the bias current remains constant, and the input 
power is increased. Here, the gain remains constant until a particular value of input 
power is attained, and then begins to decrease (figure 2.11). This occurs because the 
process of stimulated emission depletes the number of carriers available to take part in 
amplification, and thus prevents the output power from increasing indefinitely with input 
power. The value of input power at which the gain is half its unsaturated value is known 
as the saturation input power.
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Input Power
Figure2.il Schematic of optical amplifier gain as a function of input power showing the 
effect of gain saturation.
Gain saturation in an optical amplifier is described by the following equation:
where g0 is the peak gain, P is the input signal power and Psat is the saturation input
power. Thus when the input signal is small compared with the saturation power, the 
gain is constant; as P becomes comparable to Psat the gain is reduced by saturation.
Gain saturation presents a severe limitation to the performance of semiconductor optical 
amplifiers, especially since device nonlinearities and signal distortion are worsened 
under saturation conditions [6].
2.7 Noise and Amplified Spontaneous Emission
Section 2.2 described the processes of spontaneous and stimulated emission, the latter 
giving rise to amplification of the input light. However, photons created by spontaneous 
emission, propagating through the device, may also stimulate the creation of light, and 
thus be amplified. This amplified spontaneous emission (ASE) is the origin of the noise 
in the output signal of the SOA.
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The expression for optical amplifier noise is derived from the statistical fluctuations in 
the photon number at the output of the device. The mean number of photons per second 
emitted by the amplifier is given by:
<w> = G <n0> + y(G — 1) E2.8
where G is the average gain of the device, <n0> is the mean input photon number, and 
y  is the degree of population inversion, ie the proportion of electrons in the conduction 
band. Thus, the first term on the right hand side of E2.8 represents the amplified signal, 
and the second spontaneous emission.
At the detector, the two optical fields add, and the detector noise is given by the variance 
in the photon numbers:
a2 = var{ (a/g ^  + V(G -  l)y)2} E2.9a
= var{Gn„} + var{(G -  l)y} + var{~^2G(G -  l)7?i0} E2.9b
Using the fact that coherent photon streams obey Poisson statistics (E2.10a), and 
incoherent photon streams obey Bose-Einstein statistics, ie:
var{n} = <n > coherent E2.10a
var{n} = <n> + <n >2 incoherent E2.10b
we can rearrange E2.9b to give the expression for the variance of the photon number at 
the output of the amplifier [7]:
<f = ^ f  + nsp( G - l )  A/j +  2G(G - 1) nsp % |  + (G -  i f  A/2 E 2.ll
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where P is the average input power and E is the photon energy, such that -  is the photon
number. A/i is the effective shot noise bandwidth, % is an excess beat noise factor and 
Af2 is the effective beat noise bandwidth.
The four terms on the right hand side of the noise equation correspond to the four sources 
of amplifier noise; signal shot noise, spontaneous emission shot noise, signal-sponta­
neous beat noise and spontaneous-spontaneous beat noise respectively. As the name 
suggests, signal shot noise arises from the amplification of the noise on the input signal; 
spontaneous shot noise is simply ASE. Since the shot noise is broadband, it will have 
many frequency components; beat noise is created by the interaction between signal and 
spontaneous shot noise components, or between different spontaneous noise compo­
nents. It may be observed from E2.11 that the level of noise produced by the amplifier 
is dependent upon the size of the average gain; for the case of beat noise, this is a square 
law dependence.
At the amplifier output the beat noise is typically stronger than the shot noise. Of the 
two, spontaneous-spontaneous beat noise is dominant at low powers where P is small; 
this noise can be minimised with the use of a narrow band optical filter. However, 
signal-spontaneous beat noise, which is strongest at high powers, cannot be removed so 
easily, because it contains components at the signal wavelength.
Noise places serious limitations upon the usage of SOAs, especially in analogue systems 
where signal quality is crucial.
2.8 Signal Distortion
Semiconductor optical amplifiers exhibit highly nonlinear behaviour, which can cause 
significant distortion of optical signals. This presents an obstacle to their use in analogue 
AM systems, where signal quality is of vital importance. There are three main types of 
signal distortion; harmonic distortion, crosstalk and intermodulation distortion.
Signal distortion arises because the variation of power in the input signal causes 
modulation of the carrier density; when the signal power is high, the carriers are depleted, 
and when the signal power is low the carrier numbers are high. Thus the modulation of 
the carrier density is out of phase with the modulation of the light in the cavity, and the 
interaction between the two time-varying quantities gives rise to harmonics of the
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modulation frequency, which are emitted along with the fundamental. This is known 
as harmonic distortion [8]. The modulation of the carrier concentration causes the 
refractive index of the cavity to vary, and alters the optical phase, delaying the signal by 
varying amounts as it passes through the device. This gives rise to distortion of the phase 
of the modulation signal, with respect to the input signal. Gain saturation causes a 
deterioration of the situation, since the carrier concentration changes rapidly with input 
power in this regime, and thus is more deeply modulated by the input signal. Figure 
2.12 illustrates the modulation of the carrier density in the two gain regimes, above and 
below saturation.
Input Power
Figure 2.12 Schematic of carrier density as a function of input power, showing the effect 
of a modulated input signal.
Crosstalk occurs when two or more signals are amplified simultaneously. Because each 
signal causes modulation of the carrier density, the information contained in each channel 
can be partially transferred to the others, causing corruption of the data [9].
Intermodulation distortion occurs when two or more WDM signals pass through the 
cavity. If their optical frequency spacing is of the order of GHz, the carrier density beats 
at the difference frequency and gives rise to intermodulation products at the output [10].
Because signal quality is so important in analogue systems, it is crucial to understand 
the mechanisms of distortion, and this dissertation is devoted to the investigation of 
harmonic distortion, and its minimisation.
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2.9 Polarisation Sensitivity
Another feature of SOAs is the dependence of the gain upon the polarisation of the input 
light. This is due to the shape of the active region of the device, which is generally wider 
than it is deep. Because of this, TE polarised light is confined more strongly by the 
cavity than TM light, and experiences a higher gain [11]. This has been a serious problem 
in the past, not least because the polarisation of a signal can alter significantly while 
propagating through an optical fibre. A substantial amount of research has concentrated 
on solving this problem, and some solutions have been proposed. These range from 
fabricating an active region with a square cross-section [12], to the use of lattice strain, 
caused by the joining of two materials of different lattice constants [13]. Some workers 
have proposed system configurations involving two or more amplifiers [14] to equalise 
the TE and TM gains.
2.10 Travelling Wave and Fabrv-Perot Optical Amplifiers
Section 2.4 stated the definitions of TWAs and FPAs as being dependent upon the degree 
of ripple on the device gain; not surprisingly, they differ in terms of performance, and 
this section is devoted to a brief comparison of their respective characteristics.
Because of the effect of gain ripple, and its shift with changing carrier concentration, 
the temperature, bias and input power of an FPA must be very accurately controlled. 
This is not practical in many systems, and so TWAs are generally preferred.
It has been found that the polarisation dependence of the device gain is stronger in FPAs 
than in TWAs, since the facet reflectivities are polarisation dependent, and thus the 
strength of optical feedback also varies [7]. TWAs also generate lower levels of noise 
than FPAs [15], and have wider gain bandwidths [16], as shown in section 2.5.
The levels of harmonic and phase distortion of the signal are strongly affected by 
Fabry-Perot resonance, since it causes the gain, and therefore the carrier concentration, 
to fluctuate. This will be dealt with in detail in a later chapter.
It is evident that FPAs have serious drawbacks, and that TWAs will generally be the 
preferred option for systems applications. However, true travelling wave behaviour is 
very difficult to obtain, and most practical devices are of the near-travelling wave type.
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2.11 Conclusions
This chapter has described the process of optical amplification, and highlighted some 
of the limitations of semiconductor optical amplifiers. These include gain saturation, 
noise and signal distortion. Fabry-Perot resonance, caused by residual reflectivity of 
the end facets, strongly affects the characteristics of the device, and is therefore a very 
important effect. Because of the shifting of the Fabry-Perot modes, the bias, input power 
and temperature of the device must be minutely controlled, which is not possible in many 
systems. The strong polarisation dependence of the devices, exacerbated by the effects 
of facet reflectivity, makes them very unattractive for most applications, although sol­
utions to this problem have been proposed. Fabry-Perot ripple also narrows the gain 
spectrum, and affects the level of signal distortion.
It is evident that, for most commercial applications, travelling wave type amplifiers will 
be the preferred choice; however, these are very difficult to fabricate, and thus most 
practical devices retain some degree of facet reflectivity. For this reason, it is important 
to understand the effects of Fabry-Perot resonance upon the amplification process.
Before SOAs can be considered for analogue optical systems, the causes and effects of 
signal distortion must be analysed, so that they may be alleviated. To this end, a 
theoretical model has been devised to predict the behaviour of an SOA under different 
working conditions, and this will be described in chapter 3.
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Modelling Gain and Distortion in Bulk 
Optical Amplifiers
This chapter describes two computer models, written to simulate the response o f a 
semiconductor optical amplifier to steady state and amplitude modulated optical signals. 
Comparison o f the results obtained from these programs with experimental data shows 
good agreement, confirming that the major physical mechanisms are satisfactorily 
described. Harmonic distortion is found to be significant even fo r input powers sub­
stantially below saturation, and to be strongly influenced by the effect o f Fabry-Perot 
resonance. The level o f distortion is shown to be directly influenced by the saturation 
power o f the device, and it is concluded that a device with high saturation power is 
necessary for low distortion operation
3.1 Introduction
Two computer simulations have been formulated to predict the performance of a 
semiconductor optical amplifier, with the aim of modelling the phase and harmonic 
distortion generated by the device. Since the response to a steady state signal is different 
to the response to a modulated signal, two separate programs have been written to cover 
these two situations. The experimental results in this chapter were provided by Alistair 
Coles of Hewlett-Packard Laboratories, Bristol.
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The optical amplifier used in this study is a commercially available bulk buried heter­
ostructure device, number SOA 3100-1300, manufactured by BT&D Technologies. The 
device has input and output fibre pigtails, with polarisation control, and an integral 
temperature controller. The peak gain wavelength is 1302.5 nm for a bias current of 50 
mA. The facet reflectivities, which are highly wavelength dependent (figure 3.1), are 
estimated at 2 % on the long wavelength side of the gain peak, where the measurements 
were taken. From the spontaneous emission spectrum in figure 3.1, it may be seen that 





Figure 3.1 Spontaneous emission spectrum of BT&D optical amplifier measured at 50 
mA.
Certain effects have been included in the model, while others are less important and 
hence have been omitted to simplify the computation. The assumptions will be explained 
initially, then the equations used to model the device will be detailed. The two models 
will be described, and results presented, following which there will be a discussion about 
the causes and effects of distortion.
3.2 Inclusions and Assumptions
For the sake of simplicity, physical mechanisms and effects have been incorporated in 
the models only if their inclusion is essential.
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3.2.1 Inclusions
Both the steady state and small signal models include the effects of:
(i) Fabry-Perot resonance
It was stated in chapter 2 that the residual reflectivity of the end facets set up a Fabry-Perot 
etalon in the cavity of the device. This effect gives rise to ripples in the gain, so that the 
value of device gain depends upon the wavelength of the input signal. The fluctuations 
in carrier density caused by the variation in cavity gain also affect gain saturation, and 
the levels of phase and harmonic distortion, and so this important effect has been taken 
into account.
(ii) Spontaneous emission
Spontaneous emission is the origin of broadband noise, as mentioned in chapter 2; more 
importantly, amplified spontaneous emission contributes to gain saturation by depleting 
the carriers needed for amplification.
(iii) Nonradiative and Auger recombination
Not all electron-hole recombinations result in the emission of photons at the lasing 
energy. Defects in the material can give rise to localised states with energies in the 
material bandgap; recombination at one of these sites results in the absorption of the 
liberated energy by the lattice, or in the emission of a phonon, and is designated non­
radiative. Auger recombination occurs when two electrons and a hole collide. The 
energy freed when the hole recombines with one of the electrons is immediately absorbed 
by the second electron. This carrier may then be promoted to a state deep in the conduction 
band, returning to the bottom of the band with the emission of a phonon. The carrier 
recombination lifetime is strongly influenced by these two effects, and thus they are both 
included.
(iv) Gain spectral dependence
The gain spectrum of the device shifts in wavelength due to changes in carrier density, 
through movement of the quasi Fermi levels. This has important implications for device 
performance, since gain saturation depends upon the position of the signal wavelength 
relative to the unsaturated gain peak [1,2]. As the input signal increases in power, and 
the carriers are depleted, the gain peak moves towards higher wavelengths. Thus, a
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signal positioned on the long wavelength side of the gain peak will experience enhanced 
gain and therefore not saturate at such a low input power as one on the low wavelength 
side of the gain spectrum.
(v) Current leakage and diffusion
The commercial device used to develop the theory has a buried heterostructure con­
figuration, and so suffers from the effects of current leakage and diffusion caused by 
nonoptimal layer thicknesses or doping levels. Because of this, a relatively small 
proportion of the bias current is actually injected into the active region, and so this effect 
is important to the model.
(vi) Electrical heating
The injection of bias current into the device causes heating in the active region. The 




During amplification, the optical power in the cavity increases exponentially with dis­
tance from the input facet, and the carrier density suffers a corresponding decrease due 
to depletion. Thus, when very fast optical effects are to be simulated, the cavity is 
generally divided into short sections, and the behaviour of carriers and light solved for 
each separately [3]. The simulations to be described in this chapter, however, are 
concerned with events which take place on a relatively long timescale, and so it is valid 
to average the photon and electron densities along the length of the cavity.
(ii) Monomode emission
The assumption that the input and output signals are monomode permits the use of a 
single rate equation to describe the behaviour of the device. Because of this, the 
spontaneous emission at the signal wavelength only is considered.
(iii) Parabolic gain spectrum
It was stated in chapter 2 that the gain spectrum is often assumed to be parabolic; this 
simplification is used here also.
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(iv) TE input signal
The input polarisation is assumed to be optimised for maximum gain.
(v) Constant facet reflectivity
Although figure 3.1 showed the power reflectivities of the facets to vary considerably 
across the wavelength spectrum, the computer simulations are concerned with a narrow 
wavelength range, of the order of a few nanometres. Because of this, the facet 
reflectivities are assumed constant.
(vi) Constant length
Although temperature effects can cause the length of the device to vary, this effect has 
been neglected.
Comparison between experimental results and theoretical data confirm that the above 
assumptions are valid in this case.
3.3 Amplifier Equations
This section details the equations used by both models to predict the behaviour of the 
bulk semiconductor optical amplifier used in this study.
Any representation of a laser or laser amplifier begins with one or more rate equations 
to describe the interaction between carriers and photons. Because this study assumes 
monomode radiation only within the cavity, the photon and carrier numbers are directly 
linked, and so one combined rate equation suffices. This is adapted from Kawaguchi’s 
theory of bistability in laser amplifiers [4]:
dn Ja n 8 m  4 v  Q r
—  E :u
The first term on the right hand side of E3.1 represents bias current injection, the second 
term carrier recombination, the third gain, and the fourth amplified spontaneous 
emission. The parameters are defined as follows: n is the carrier concentration in the 
active region; Ja is the current density in the active region, being equal to the current 
divided by the surface area of the active region, WL; q is electronic charge; d is the
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thickness of the active region; %a is the carrier recombination lifetime; gm is the material 
gain; is the average optical intensity inside the cavity; E is the photon energy; (3 is 
the spontaneous emission coupling coefficient for the single amplified mode; S is the 
spontaneous photon density, averaged over the whole spectrum.
Taking into account nonradiative, bimolecular and Auger recombination (constants A, 
B and C respectively in the following equation), the recombination lifetime is given by:
x, = -------   r E3.2
A+ Bn+ C n
Since this device has non-zero facet reflectivities, the effects of Fabry-Perot resonance 
have been taken into account when calculating the optical intensity inside the cavity [4]:
I  = /. (1+3, « * ) ( « * - ! ) ( ! - * , )  E33
^  in gL ((1 - ^ R ^  egLf  + A ^ R ^  egL sin2 <J)}
Here, Iin is the intensity of the input signal, being equal to the input power divided by
the area of the facet, Wd; g = rg OT -  a  is the net material gain per unit length, T being 
the optical confinement factor, a  represents the effective optical loss per unit length, 
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The nonlinear phase change in a single pass of the cavity, <|>, is calculated from:
♦ =
2 kL dN
yN' +Tn^ n j
iTtLTjn - n p)dN  
X dn E3.5
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where the first term on the right hand side represents the constant detuning of the signal 
wavelength from the gain peak, and the second term represents the variation in phase 
due to the changing gain in the cavity. The symbols are defined as follows: L  is the 
cavity length; X is the signal wavelength; Nr is the refractive index of the material; np is 
the value of carrier concentration for zero input power, at 50 mA, the bias current which
dNf
is used to define the reference value for the peak gain wavelength; — is the rate of 
change of refractive index with carrier concentration.
dNr
quantifies the effect which causes the FP modes to shift when the carrier concentration 
changes, and it is calculated from [5]:
dNr -a H X ax 
dn 4n E3.6
Here, aH is the linewidth broadening factor and ax is the principal material gain constant,
dg/nsometimes written an
It has already been stated that the gain spectrum is assumed to be parabolic; the material 
gain of the device is thus described by [6]:
8m = n0) -  a2(X -  Xpf  E3.7
where a2 is a gain constant, n0 is the carrier concentration required for transparency, and 
Xp is the peak gain wavelength for the value of bias current used. This is defined by [6]:
Xp =X0- a 3(n -n p) E3.8
Here, a3 is a third gain constant and is the peak gain wavelength at 50 mA, the bias 
current which defines np.
The spontaneous emission photon density is calculated from [7]:
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8 1 (1 -J* A  *2st) J
where is the spontaneous emission recombination rate. Since only bimolecular 
emission is radiative, this is given by B n2.
The effects of current leakage and diffusion are calculated from the following expression 
[8] for the current injected into the active region, Ia:
j  % \J b ia s
a “  j loffw-'o)' E3.10
U
The parameters are defined as follows: Ibias is the terminal current, rj0 is the effective
current injection efficiency, I0 is the leakage current and In is a curve fitting parameter. 
Once calculated, Ia is immediately converted to current density by the program.
The effects of electrical heating, which tend to diminish the gain, have been addressed 




where tfi(r0) and n0(T0) are reference values at a known temperature, and — and —
describe the temperature dependence of the two constants. RthVI defines the effective
change in temperature in the active region, being the product of the thermal resistance 
and the dissipated electrical power.
afli
n0 = n0(T0) + ^  R^VI
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These are the equations used by the two computer models to predict the response of the 
device to a variety of stimuli. The values of the physical constants used by the programs 
are shown in table 3.1, at the end of this chapter. These have been estimated from 
published figures [eg 6,8], and then adjusted by comparison between theoretical data 
from the steady state program and experimental results. The experimental results were 
obtained using a small signal modulated input signal, which to some extent invalidated 
their use for this purpose. However, the close agreement between experimental and 
theoretical small signal results (section 3.5) supports the approach taken.
3.4 Steady State Model
3.4.1 Model Description
The steady state model is written in Microsoft Quickbasic release 4.5, and has three 
sections, providing values of output power and gain versus: bias current for up to eight 
values of wavelength; input power for up to eight values of wavelength; wavelength for 
up to eight values of input power.
The program is menu-driven, allowing the user to choose the gain-dependence required, 
and to input the measurement conditions. Figure 3.19, at the end of this chapter, shows 
a simplified flow chart explaining the operation of the program, using the section on 
bias current dependence as an example.
The output power and gain are obtained by solving the rate equation in steady state, 
using a simple iteration to determine the value of carrier concentration for each set of 
conditions.
The following subsections contain results obtained from the steady state program. Device 
gain is plotted as a function of bias current, input power and wavelength.
3.4.2 Results of Bias Current Dependence
This section compares an experimental measurement of device gain as a function of bias 
current with a corresponding theoretical plot.
Figure 3.2 shows a schematic of the measurement system. The input signal is supplied 
by a Toshiba TOLD 335S distributed feedback (DFB) laser, with its temperature pre­
cisely controlled, both to tune the signal wavelength and to prevent it from drifting. The
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isolator immediately after the laser prevents reflections from the input facet of the SOA 
from entering the laser and affecting its operation. The attenuator is used to set the value 
of input power, so that the laser bias remains the same throughout The optical switch 
routes the laser output signal; either straight to the optical spectrum analyser (OS A) to 
measure the input power, or to the SOA for the gain measurement. The polarisation 
rotator allows the orientation of the input light to be optimised formaximum gain. Finally, 
the second isolator prevents reflections from the grating in the OSA from re-entering 










Figure 3.2 Schematic of steady state measurement system
At high bias currents, there is a significant amount of amplified spontaneous emission, 
which can distort the gain measurement. There are several methods by which this can 
be avoided; for example an optical bandpass filter, centred around the signal wavelength 
can be used to remove most of the ASE, or a polarising filter, optimised to the signal 
polarisation, can be used to filter out that ASE which is differently polarised. The method 
which has been used here comprises three separate measurements. First, the input power 
is measured using the optical spectrum analyser, then the ASE at the SOA output is 
measured without the input signal present. Finally, the total power output from the SOA 
is measured with the input signal present. The dc gain of the device is then given by:
_ Total Power -  ASE __ _G = ---- ------------------  E3.12
Input Power
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This method is only appropriate for low values of input power. High input powers 
saturate the ASE and reduce its value; thus the ASE produced while the signal is present 
will not be the same as that measured with no optical input signal
Figure 3.3(a) shows an experimental plot of gain as a function of bias current measured 
under these conditions: the fibre input power is -30 dBm, corresponding to a chip input 
power of -35 dBm, and the different lines on the graph were generated at different 
wavelengths between 1311.11 nm and 1311.43 nm. Figure 3.3(b) shows a theoretical 
plot generated by the computer program under the same conditions. There is good 
agreement between the two plots.
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Figure 3.3(a) Experimental dependence of fibre to fibre amplifier gain on bias current for 
fibre input power -30 dBm and signal wavelengths 1311.11 nm, 1311.2 nm, 1311.3 nm, 
1311.43 nm.
At low bias currents, ie less than 45 mA, the device gain is not sufficient to overcome 
the internal device losses, and those due to fibre coupling, and the fibre to fibre gain is 
negative. The effect of saturation may be observed at high currents; this effect is strongly 
influenced by the effects of electrical heating, and current leakage.
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Figure 3.30V) Theoretical dependence of fibre to fibre amplifier gain on bias current for 
fibre input power-30 dBm and signal wavelengths 1311.26 nm, 1311.36 nm, 1311.46 nm, 
1311.56 nm.
The effects of the FP resonance are clearly evident in this result. As the bias current is 
increased and the carrier concentration rises, the refractive index falls. This causes the 
FP ripples to shift down in wavelength. If the signal wavelength is kept constant, it will 
experience rising and falling gain as the ripples move across it. This is the cause of the 
undulations in the gain curve.
3.4.3 Results of Input Power Dependence
Figure 3.4 shows the dependence of the fibre to fibre gain on the fibre input power, 
calculated for a bias current of 50 mA, and four signal wavelengths as before. Again 
the twin effects of FP resonance and gain saturation are evident. At low powers, where 
the carrier concentration changes little, there is no shifting of the gain ripple, and the 
gain for a given wavelength is constant. As the amplifier begins to saturate at high 
powers, the carrier concentration is rapidly depleted, shifting the ripple to higher 
wavelengths and producing the distinctive oscillations in the gain.
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The saturation input power, defined as the value of input power for which the gain at 
the peak of the FP resonance is 3 dB below the peak gain, is -7.5 dBm fibre input, or 
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Figure 3.4 Theoretical dependence of fibre to fibre gain upon fibre input power. Bias 
current 50 mA, signal wavelengths 1311.26 nm, 1311.36 nm, 1311.46 nm, 1311.56 nm.
3.4.4 Results of Wavelength Dependence
The FP ripple may be directly observed in figure 3.5, which shows a theoretical plot of 
gain as a function of wavelength for a bias current of 50 mA, and four different fibre 
input powers. The shift of the gain ripple to higher wavelengths, and the compression 
of the gain by saturation effects, are clearly evident in this plot.
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Figure 3.5 Theoretical dependence of fibre to fibre gain upon signal wavelength for a bias 
current of 50 mA and fibre input powers of -30 dBm, -15 dBm, -12 dBm, -10 dBm.
The results obtained from this computer model agree well with the experimental 
measurements of device gain.
3.5 Small Signal Model
3.5.1 Model Description
This program analyses the response of the amplifier to an optical input which is amplitude 
modulated with a sine wave. It provides gain, phase distortion and harmonic distortion 
values as a function of: bias current for up to eight wavelengths; input power for up to 
eight wavelengths; wavelength for up to eight input powers; modulation frequency for 
up to eight input powers.
Again the program is menu-driven, with the user prompted to input: choice of inde­
pendent variable; values (or ranges) of input power, bias current, wavelength, modulation 
frequency; optical modulation index (omi); level of harmonic distortion, if any, present 
in the input signal.
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The time dependent response of the amplifier to a sinusoidally modulated optical input 
is obtained using an incremental method, and a simple Fourier series representation is 
used to calculate the gain, and the phase and harmonic distortion.
The figure of merit for harmonic distortion used here is the ratio between the power in 
the first harmonic and that in the second; it is known as the harmonic ratio (HR).
The phase distortion is defined as the phase difference between the modulation of the 
input signal and that of the fundamental component of the output signal.
Sample results from the model are presented below.
3.5.2 Results of Time Dependence
Before the gain and distortion figures can be calculated, the time dependence must be 
known. Figure 3.6 shows the input power, carrier concentration and output power as a 
function of time. The modulation frequency is 120 MHz, the omi is 0.7 (70 %), the bias 
current is 50 mA and the fibre input power is -10 dBm (-15 dBm chip input power).
During the first few modulation periods, the value of carrier concentration is settling 
from nx to its correct value, and the calculated values are inaccurate. The high value of 
input power used results in a high level of signal distortion, which can be observed in 
the flattened form of the output signal. The phase distortion can be seen also, in the 
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Figure 3.6 Modelled time dependence of input power, carrier concentration and output 
power. Bias current 50 mA, fibre input power -10 dBm, modulation frequency 120 MHz, 
modulation index 70 %.
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3.5.3 Experimental Techniques
This section describes the techniques used to measure the modulated gain and the two 
types of distortion.
(i) Gain and Harmonic Ratio
Figure 3.7 shows the system used to measure the modulated gain and the harmonic ratio. 
It is similar to that used to measure dc gain vs bias (figure 3.3), but here the signal is 
modulated using an external modulator, with a signal supplied by an rf oscillator. The 
dc bias to the modulator is adjusted to maximise the harmonic ratio of the input signal, 
a value of 35 dB optical being achieved. The optical power measurements are carried 











Figure 3.7 Gain and harmonic ratio measurement system
The system used to measure phase distortion is shown in figure 3.8.
Here, the modulating signal is mixed with the SOA output signal, producing an output 
at twice the modulation frequency, and one at dc. The latter is proportional to the phase 
difference between the two signals. Since this is is expected to change linearly with 
frequency, any deviation from linearity is phase distortion.
The following subsections present theoretical and experimental results of the investi­















Figure 3.8 Phase distortion measurement system 
3.5.4 Results of Bias Current Dependence
The rf gain is plotted in figure 3.9 as a function of bias current, using experimental and 
theoretical data. The conditions are: SOA temperature 20 °C, average fibre input power 
-10 dBm, modulation frequency 120 MHz, omi 70 %, four signal wavelengths across a 
Fabry-Perot ripple pitch. The saturation of the gain at high bias currents is clearly much 
deeper than in the steady state plot in figure 3.4. This is due partly to the high value of 
input power used, but also to the high level of spontaneous emission produced at these 
bias currents, which is modulated by the carrier density fluctuations. These are almost 
exactly out of phase with the signal modulation, and the ASE follows them. When the 
amplifier output is detected, the vector sum of the signal and ASE appears smaller than 
the signal alone. This causes the device to appear to be deeply saturated. This effect 
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Figure 3.9(a) Experimental variation of rf gain with bias current. Fibre input power -10 
dBm, modulation frequency 120MHz,omi 70%, signal wavelengths 1311.11 nm, 1311.2 
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Figure 3.9(b) Theoretical variation of rf gain with bias current. Fibre input power -10 
dBm, modulation frequency 120MHz,omi 70%, signal wavelengths 1311.26 nm, 1311.36 
nm, 1311.46 nm, 1311.56 nm.
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The dependence of the phase distortion upon the bias current (figure 3.10) shows strong 
evidence of FP resonance. Good agreement is obtained between experiment and theory.
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Figure 3.10(h) Theoretical variation of phase distortion with bias current. Conditions as 
figure 3.9(b).
3 - 2 0

















1311.lnm 1311.21nm 1311.31nm 1311.42nm
Figure 3.1 l(al Experimental variation of harmonic ratio with bias current. Conditions as 
figure 3.9(a).
Bias Current (mA)
1311.26nm 1311.36nm 1311.46nm 1311.56nm
Figure 3.1.1 (hi Theoretical variation of harmonic ratio with bias current. Conditions as 
figure 3.9(b).
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3.5.5 Results of Input Power Dependence
The input power dependences of the rf gain, phase distortion and harmonic ratio are 
shown in figure 3.12. The experimental and theoretical data have been overlaid; the 
lines represent theoretical results, the symbols experimental results. The bias current is 
50 mA, the modulation frequency 120 MHz and the omi 0.7; four wavelengths across a 
FP resonance period have been plotted, as shown in the inset. There is excellent 
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Figure 3.12(al Theoretical and experimental dependence of rf gain upon fibre input power.
Bias current 50 mA, modulation frequency 120 MHz, omi 0.7. Lines = theoretical, symbols 
= experimental. Wavelengths as inset.
The input saturation power for a modulated signal is slightly lower than for a cw input, 
although this is not obvious from figure 3.12(a). This is again due to the phase mismatch 
between the modulation on the input power and that on the carrier concentration, as 
described in the previous section.
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Figure 3.12(b) Theoretical and experimental dependence of phase distortion upon fibre 
input power. Conditions as for 3.12(a), wavelengths as inset. The heavy dashed line 
represents a pure travelling wave device.
As the device saturates, the carrier concentration decreases rapidly; this causes the 
refractive index, and thus the signal delay, to increase, raising the level of phase distortion. 
The effects of FP resonance are evident in the phase distortion plot. The ripple causes 
a large variation in the level of distortion at a given value of input power, and necessitates 
careful control of the bias current and temperature of the device, as mentioned in chapter
2. The heavy dotted line on the plot represents the theoretical response of a pure travelling 
wave device, ie zero facet reflectivities. It may be observed that the phase distortion 
corresponding to a trough wavelength is lower than that of the pure travelling wave 
device. This implies that the FP amplifier could perform better than a pure travelling 
wave device, albeit with a lower gain; however, the precise control required renders this 
impractical.
It is interesting to note that the phase distortion curves cross the axis (zero distortion 
condition) at wavelengths close to gain peaks and troughs. This is due to the twin effects 
of gain saturation and Fabry-Perot resonance. Gain saturation tends to reduce the device
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gain by carrier depletion; this change in carrier concentration causes the gain ripple to 
shift in wavelength, altering the gain. If the shift in gain ripple causes an increase in 
gain which balances the decrease due to saturation, a situation arises in which the gain 
becomes momentarily constant with input power or wavelength, and the distortion is 










-25 -15 -10 5-30 -20
Fibre Input Power (dBm)
Figure 3.12(c) Theoretical and experimental dependence of harmonic ratio upon fibre input 
power. Conditions as for 3.12(a), wavelengths as inset. The heavy dashed line represents 
a pure travelling wave device.
Gain saturation also increases the level of harmonic distortion, as may be observed from 
the fall in HR in figure 3.12(c). This is due to the increased depth of carrier density 
modulation experienced by the device in saturation, as explained in chapter 2. Again, 
FP resonance is evident, and again the FP device has the potential to outperform the 
travelling wave device (heavy dashed line on plot). It must be noted that distortion levels 
are significant even at low input powers, and that the value of HR for a given value of 
input power is strongly wavelength dependent.
In common with the phase distortion, a minimum in harmonic distortion (peak HR) 
almost corresponds to a peak or trough in gain.
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3.5.6 Results of Wavelength Dependence
The effects of FP resonance are clearly evident in figure 3.13, which shows the 
experimental and theoretical wavelength dependence of the rf gain for three different 
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Figure 3.13(a) Experimental dependence of rf gain upon signal wavelength. Bias current 











-20 dBm -15 dBm -10 dBm
Figure 3.13(b) Theoretical dependence of rf gain upon signal wavelength. Conditions as 
for 3.13(a).
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In common with the plot of cw gain vs wavelength (figure 3.5), the FP ripples shift up 
in wavelength as the device saturates and the carrier concentration falls. Good agreement 






1311.2 1311.3 1311.4 1311.5 1311.6
Wavelength (nm)
-20 dBm -15 dBm -10 dBm
 1-----  a ----   *---
Figure 3.14(a) Experimental dependence of phase distortion upon signal wavelength. 
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Figure 3.14(b) Theoretical dependence of phase distortion upon signal wavelength. 
Conditions as for 3.13(b).
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Again, it may be noted that the phase distortion is strongly wavelength-dependent. In 
common with the power-dependent plots in the previous section, a zero phase condition 
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Figure 3.15(10 Theoretical dependence of harmonic ratio upon wavelength. Conditions 
as figure 3.13(b).
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Again the effect of the facet reflectivity is clear. At -20 dBm, the amplifier experiences 
a variation of up to 15 dB in HR with wavelength.
3.5.7 Results of Modulation Frequency Dependence
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Figure 3.16 Dependence of rf gain upon modulation frequency. Bias current 50 mA, fibre 
input power -15 dBm, omi 0.7. (a) Experimental results for signed wavelengths 1311.1 nm,
1311.2 nm, 1311.31 nm, 1311.42 nm(b) theoretical results for signal wavelengths 1311.26 
nm, 1311.36 nm, 1311.46 nm, 1311.56 nm.
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It may be seen that in both the experimental and theoretical plots the gain generally rises 
with frequency, effectively raising the saturation power. The reduction in saturation 
power due to modulation of the carrier concentration and ASE was explained in section 
3.5.4. At high modulation frequencies, the modulation of the ASE is limited by the 
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Figure 3.17 Dependence of phase distortion upon modulation frequency, (a) Experimental 
(b) theoretical. Conditions as figure 3.16.
The phase distortion (figure 3.17) has a very interesting frequency dependence. It can 
be shown that for low frequencies it is proportional to co, the angular frequency of
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modulation, while for high frequencies it depends upon ±. The peak in phase distortion
CO
increases in height and frequency as the input power is increased. The modelled results 
do not agree precisely with the experimental plot, but the frequency dependence of the 
phase is very sensitive to the values of carrier concentration and cavity power
There are no experimental results for the dependence of the harmonic ratio upon the 
modulation frequency; theoretical results are presented in figure 3.18. The harmonic 
ratio, like the rf gain, rises with modulation frequency. Again this is due to the inability 
of the carriers to follow the fast modulation, limited as they are by the recombination 
lifetime. Because the carrier concentration is modulated less deeply, its interaction with 
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Figure 3.18 Theoretical dependence of harmonic ratio upon modulation frequency. 
Conditions as figure 3.16.
A simple mathematical analysis of the rate equation demonstrates the effect of the carrier 
recombination lifetime in reducing the carrier density modulation at high frequencies. 
The calculation is detailed below.
The rate equation, E3.1, can be expressed as:
Here, the material gain has been expressed as ax(n -  n0), and the saturation power as:
P~  r ai%,
E3.14
For dimensional correctness, Pm, the average power in the cavity, has the dimensions
The input signal, modulated by a sine wave of angular frequency co, modulates the light
and carriers inside the cavity. Simplified forms of cavity power and carrier concentration 
are assumed:
Here, the subscript x refers to dc, y to the fundamental frequency and z to the second 
harmonic frequency. It should be noted that harmonic distortion of the input is included, 
also that the carrier density modulation is assumed to be exactly out of phase with that 
of the signal inside the cavity.
Substituting for carrier concentration and power in the rate equation, and collecting terms 
in cori we obtain the following expression for ny, the depth of modulation of the carrier 
density:
of 7 here.E
Pav -  Px + Py sin G# + ps sin(2cof + <|>) E3.15a
n = nx — ny sin oot E3.15b
Py(nx - n 0) 
!y ~  T z P1 M  sat
1
E3.16
At low frequencies, where co « this can be simplified to:T*
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This may be seen to be approximately constant for fixedvalues of average and modulated 
input power. At high frequencies, however:
Py(nx - n 0) 1 
n.. « _  _ . ---------- r— E3.18y Ft P ' p-L " j*  sat q j  _j_
rx.p.
Here it may be clearly seen that the carrier density modulation depth decreases as the 
modulation frequency increases, and the recombination lifetime begins to limit its 
response to the input signal.
3.6 Discussion - Distortion issues
The study of signal distortion has revealed some important issues. Firstly, that signal 
distortion is significant even for input powers substantially below saturation, and must 
be taken into account for every SOA application. Secondly, that FP resonance has a 
significant effect on the level of distortion, causing a variation with wavelength of up 
to 15 dB at low input powers, for a given value of input power and of bias current. The 
FP effect can be a serious disadvantage, since it requires precise control of the SOA’s 
operating conditions. It can be reduced either by more efficient coating of the facets, or 
by driving the device with a lower bias current to reduce the gain, and therefore the gain 
ripple. In addition, chapter 5 outlines a method for reducing distortion using an electrical 
feedback circuit to reduce the carrier density modulation.
While these measures can reduce the distortion to some extent, for some applications it 
may be necessary to design a device specifically for low distortion operation. An analysis 
carried out by the author has ascertained that the level of harmonic distortion generated 
by a semiconductor optical amplifier is directly related to the saturation power of the 
device. The proof is detailed below.
3.6.1 Relationship Between Saturation Power and Distortion
This analysis is very much simplified, but gives an insight into the cause of distortion.
To begin, the rate equation is expressed as in equation E3.13.
Once again, simplified forms of cavity power and carrier concentration are assumed:
P av = Px + Py sin a'it + Pz sin(2co/ + <|>) E3.19a
n = nx -  ny sin co/ E3.19b
For low modulation frequencies, ie where the modulation period is greater than the carrier 
recombination lifetime, this can be shown to give the following expression for the rf 
signal power inside the cavity:
ni(rPsat + Px)= 1V ** E3.20
y (nx- n  o)
A similar treatment of the 2(0/ terms yields the following for the power in the second 
harmonic:
nxP
P2 = — - E3.212(nx- n 0)
Combining E3.20 and E3.21 gives the following expression for harmonic ratio:
Py 2(TPsat + Px)
E3.22
This is an important result, confirming as it does that the HR at all values of input power 
is actually determined by the saturation power of the amplifier. This follows from the 
result derived in the previous section, which shows that the depth of carrier density 
modulation is approximately inversely proportional to the saturation input power.
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Thus it is clear that, for acceptable distortion performance in most applications a device 
with high input saturation power is required. This may be achieved for example with 
the use of a multi-quantum-well structure, and chapter 4 deals with the design of such 
a device.
3.7 Conclusions
Two computer programs, written to examine the performance of a semiconductor optical 
amplifier, have been described in this chapter. They include the effects of Fabry-Perot 
resonance due to residual facet reflectivity, spontaneous emission, nonradiative and 
Auger recombination, the spectral dependence of the gain, current leakage under the 
buried heterostructure, and electrical heating. Several assumptions are made to simplify 
the calculations and shorten the run-time. However, the close agreement between the 
experimental and theoretical results presented in this chapter confirms that the major 
physical effects are adequately described by the model.
This study has established some important issues to be addressed when using SOAs in 
analogue amplitude modulated systems.
Firstly, that distortion levels are significant, and may be unacceptable for some appli­
cations, at input powers substantially below saturation. Also that the effect of shifting 
FP resonance causes a large variation in phase and harmonic distortion as the carrier 
concentration fluctuates. This large variation in distortion means that an FP SOA can 
in theory outperform a TWA, although this is not practical since it requires very precise 
control over the operating conditions of the device. It has also been discovered that the 
gain and saturation power appear to be reduced when a modulated input signal is applied. 
This is due to the modulation of the spontaneous emission in the cavity, which tends to 
be out of phase with the signal modulation. This effect diminishes as the modulation 
frequency is increased, and the ASE modulation becomes limited by the recombination 
lifetime.
Signal distortion may be reduced by a decrease in FP resonance, either by efficient 
coating of the device facets, or by a reduction in device gain. However, if distortion 
is to be minimised, specially optimised devices are required. It has been shown in this
3-34
chapter that the device saturation power has a direct effect on the level of harmonic 
distortion generated by the SO A. Chapter 4 describes a process for the design of a high 
saturation power multi-quantum-well device intended for low distortion operation.
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Figure 3.20 Flowchart explaining the operation of the small signal computer model.
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Constant Description Value
W Width of active region 1.8 |im
d Depth of active region 0.2 fim
L Length of cavity 510 fim
r Confinement factor 0.58
^ l» 2^ Facet reflectivity 2 %
A Nonradiative recombination constant i—» o 00 W3i
B Bimolecular recombination constant 8 x 10 “  cm3 s 1
C Auger recombination constant 4 x 10'29 cm6 s'1
a Effective optical losses 25 cm'1
ai(T0) Material gain constant at T0 3.5 x 10'16 cm2
day
~dT Temperature dependence of a1 -9.5 x 10'19 cm2 K 1
0,2 Material gain constant 0.12 cm'1 nm'2
<*3 Material gain constant 1.21 x 1 0 17cm3nm
no(Xo) Transparency carrier density at T0 1.1 x 101* cm'3
dn0
Hr Temperature dependence of n0 6.1 x 1015 cm'3 K'1
dNr
dn Change in refractive index with carrier density -2 x 10'20 cm3
p Spontaneous coupling coefficient 2 x 10'3
K Peak gain wavelength at 50 mA 1302.5 nm
/„ Leakage current 9.5 mA
h Curve fitting parameter 35 mA
Tlo Effective current injection efficiency 0.7
(XH Linewidth enhancement factor 6
Rfh Thermal resistance 300 K W 1
V Junction voltage 0.955 V
Total coupling loss 7dB
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Multi-Quantum-Well Amplifiers
This chapter describes an investigation into the design o f a high saturation power 
multi-quantum-well optical amplifier. The effect upon the saturation power o f changing 
each o f the physical dimensions is examined, and the required compromise between 
cavity length and electrical thickness quantified. It is concluded that the optimum device 
will have a wide ridge, thick heterostructure, and a short, thick cavity. Modelled results 
fo r  a device having these attributes confirm its superior performance. Experimental 
gain measurements performed upon an MQW laser with coated facets support the 
conclusion that high performance optical amplifiers must be designed specially, and 
that laser structures are not in general suitable for amplifier applications.
4.1 Introduction
If SOAs are to fulfil their potential in analogue systems, the signal distortion they 
introduce must be minimised. Although adjustment of the operating conditions may 
bring some improvement, and chapters 5 and 6 describe a method of doing so, many 
applications call for a specially designed device to give optimum performance. The 
relationship between distortion levels and the device saturation power was demonstrated 
in chapter 3, where it was shown that it was desirable to have the highest possible 
saturation power. This may be achieved simply by enlarging the optical volume of the 
cavity to give a higher saturation output power for a given intensity. In a general systems 
application, however, there may be other requirements; for instance high gain, a broad 
wavelength spectrum or a wide electrical modulation bandwidth.
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Multi-quantum-well (MQW) amplifiers are known to have large gains, in excess of 20 
dB [1], high saturation powers, of up to +16 dBm [2], wide spectral bandwidths, of the 
order of 100 nm [3], and large modulation bandwidths. This last is due to the small 
carrier recombination lifetime, which in turn results from the large carrier concentration 
present in the small active volume [4].
These advantages encourage the use of MQW amplifiers in analogue systems; however, 
the high gain devices generally have small saturation powers and vice versa. Some 
criteria are needed to aid in developing a compromise design, with sufficient gain to be 
useful, but with a high saturation input power. An analysis of the design process has 
led to the determination of the effect of changing the physical dimensions of the device 
upon the saturation power, and upon the bias current required for a given peak gain, 
resulting in the proposal of an optimum amplifier design for low distortion operation.
This chapter details the differences between bulk and MQW device theory, and describes 
the design process for a high saturation power MQW amplifier. An optimised device 
is proposed, and its distortion performance is compared with that of the bulk device 
already studied. Experimental measurements of the gain of an MQW amplifier are 
described, and compared with theoretical data for the same structure. Its performance 
is explained with reference to the device structure, and conclusions are drawn about the 
use of MQW optical amplifiers in analogue systems.
4.2 Device Theory
A schematic diagram of the device under consideration is shown in figure 4.1. It is a 
separate-confinement-heterostructure (SCH), ridge waveguide (RWG), MQW 
amplifier. SCH refers to the fact that the quantum well active region is isolated by thick 
cladding layers, which provide waveguiding in the transverse direction (figure 4.1b). 
This structure also allows the optical cavity to be enlarged without affecting the electrical 
confinement (see over). A ridge waveguide is chosen as it provides good lateral guiding, 
along with a wider optical cavity than in BH devices. In a RWG, the mode is more 
weakly guided than in a BH structure, and is therefore broader. Because of this, RWGs 









Figure 4.1 (a) Schematic of SCH-RWG MQW amplifier (b) conduction band diagram.
The MQW amplifier can be approximately described by the electron rate equation:
dn ja n g J
d t  qN wdw i s £ - t e j s E4.1ph
The terms are as defined in chapter 3, with the exception of the electrical thickness which 
is now defined as the number of quantum wells, Nw, multiplied by the well thickness, 
dw. Also, the conversion of optical power to intensity now involves the width of the
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ridge, W and the optical thickness, Dopt, as defined in figure 1. From this it may be seen 
that the optical depth of the cavity may be enlarged without affecting the electrical 
volume, which is a great advantage of this structure.
The carrier recombination lifetime may again be described by the expression E3.2, 
although there have been reports of carriers in the barrier layers around the quantum 
well region, which may modify the device dynamics [5]. Quantum well devices have a 
high level of Auger recombination; the large value of C, together with the high carrier 
concentration, in the equation leads to a short recombination lifetime, of the order of 0.2 
ns, which gives the device its wide electrical modulation bandwidth.
The major difference between the operation of bulk and MQW amplifiers lies in the 
dependence of the material gain upon the carrier concentration. From experimental 
assessment of a range of 1.5 pm MQW laser devices [6,7], it has been shown that the 
material gain for an MQW device (independent of well number) can be fitted to a log­
arithmic dependence on the threshold current density [8], unlike the bulk device which 
has a linear expression for gm. Using a fit obtained by Greene et al [7], and substituting 
forj ,  the following expression is used to obtain values of gmw, the material gain per well:
gml and gm2 are constants whose values are given in table 4.1 at the end of this chapter.
The total gain is therefore obtained by multiplying by the total confinement factor, T, , 
so that the total gain times length product for the optical filament is given by:
The confinement factor is smaller in an MQW device than in a bulk structure, typically 
by an order of magnitude, due to the small dimensions of the quantum well region. There 
is an approximately linear relationship between T, and the number of quantum wells [8].
E4.2
gL = F, gmw L -  a  L E4.3
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These changes have been incorporated into the computer models described in chapter 




Two numerical analyses have been carried out to discover the effect upon the saturation 
power of changing the various physical dimensions of the device. In both cases, steady 
state operation has been assumed. The amplified spontaneous emission term is neglected 
for the purposes of the numerical analysis, and the facet reflectivity has been set to zero 
for simplicity. One study investigates the variation of input saturation power and bias 
current, with fixed peak gain, for different values of various device dimensions; for the 
other, in order to provide design trends, the ridge width, heterostructure thickness and 
bias current are fixed, and contours of constant peak gain and constant input saturation 
power are plotted on axes of device length and electrical thickness (Nwdw).
Since we are interested primarily in increasing the input saturation power of the device, 
equation E4.1 has been rewritten in terms of {Iav)MB »the average cavity intensity at 3 





Nw Q dw Xs$dB
E4.4
in steady state. Here, ( g m) 3dB is the material gain corresponding to a device gain of half
the peak value, and n3dB and xs3dB are the corresponding carrier concentration and carrier 
lifetime values.
The first analysis has been carried out at a chosen constant peak gain, Gpeak, to enable a 
direct comparison to be made between different hypothetical devices. As any system is 
likely to require a net gain of at least 10 dB, this has been set at 18 dB (facet to facet), 
allowing 8 dB total coupling losses.
For an ideal travelling-wave device {Rl = R2 = 0), the gain is given by:
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—G = e E4.5
Thus it is simple to obtain (gL)peak , in turn allowing (gm) , to be found from
.  .  _ (g^-W + aL
vsm'peak Y L E4.6
( g m\ dB can Ihus be found using E4.6 and the 3 dB value of gL. However, if the average
j  ” 1cavity intensity is to be calculated from E4.4, ^ — — must be known. This is equal to - ,
which can be found by rearranging expression E4.2 for peak material gain:







can also be determined, using E4.7 reformulated for ( g m) 3dB .
Thus the 3dB cavity intensity can be calculated from the following expression:
(/ ) = — p—  
VavJ^dB ( 0  \
3 dB
' h  n 3dB 
\  %3dB j
E4.8
But this is also given by the following equation, adapted from [9] for the zero reflectivity 
case:




So that, given (Iav)3dB and (gL)3dB , (Iin)3dB is easily obtained.
The bias current required for a given gain and saturation power can be readily found 
using
hias = ^ q d w Nw L W  E4.10
where L is the device length, and W is the effective ridge width.
The equations listed above have been used to carry out the two analyses described earlier 
in this section. The results are detailed in the following two subsections.
4.3.2 Constant Peak Gain Analysis
In order to assess overall structural requirements for an optimised device, the 3dB 
saturation input power and bias current have been investigated for constant peak gain 
by varying the following parameters; well thickness (dw), well number (Nw), ridge width 
(W), total heterostructure thickness (Dopt) and device length (L). Values of the con­
finement factor were calculated using a full complex waveguide model kindly made 
available by Professor White.
(i) Well Thickness Variation
Figure 4.2 shows the results of the analysis for the case where the well thickness is varied, 
all other parameters remaining constant. Here the 3dB saturation input power, and the 
current required to achieve a peak gain of 18 dB, are plotted against well thickness. The 
values of the independent variables are as follows: ridge width 4 pm; cavity length 500 
pm; well number 4; heterostructure thickness, Dopn 0.6 pm. The ridge width is chosen 
to be as wide as possible without multimode operation resulting; the cavity length is a 
typical value; the number of wells is average for an MQW amplifier, the heterostructure 
thickness is chosen to be large to increase the saturation power, but growth and carrier 
transport restrictions are considered.
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The results in figure 4.2 demonstrate that the best saturation performance is obtained for 
the thinnest wells, though the highest bias current is required to maintain 18 dB peak 
gain under these conditions.
The relationship between input saturation power and well thickness can be explained in 
the following way. From E4.6, it can be seen that, for constant {gL)peak, gm varies as £ 
(ie approximately as ^ ). From equation E4.7 therefore,
*h n 3dB 
Tr Ts3dB
r* i 1 -  exp
yj
E4.ll
Combining this with the dependence of equation E4.8, we have
v T ,
1 -  exp E4.12




and X2 = ------ r  E4.l3b
p
Since T  varies approximately linearly with d [8], the term - remains approximately
constant. Therefore the relationship between the well thickness and input saturation 
power is an exponential one showing that, by reducing T, an exponential growth in 
saturation power can be achieved. It may be concluded that the logarithmic nature of 
the gain is a major influence on the well thickness dependence of saturation power.
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Figure 4.2 Variation of input saturation power and bias current with quantum well thickness 
for a fixed peak gain of 18 dB.
(ii) Well Number Variation
Again the peak gain is fixed at 18 dB, but here the required bias current and 3 dB input 
saturation power have been plotted, in figure 4.3, as a function of the number of quantum 
wells. The independent variables are as before, with the addition of the well thickness 
which is 8 nm.
Once again the highest saturation powers are obtained for the smallest electrical thick­
nesses, corresponding this time to the lowest number of quantum wells, but again these 
are the conditions which require the highest bias currents. The dependence of (Pin)3dB 
on the well number is approximately the same as that for well thickness, since for the 
purposes of this study the two methods of altering the electrical thickness are considered
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approximately equivalent in terms of confinement factor [8]. From this it may be inferred 
that the optimum device should have a small electrical thickness, provided the required 
current is not too high.
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Figure 4.3 Variation of input saturation power and bias current with well number for a 
peak gain of 18 dB.
(iii) Ridge Width Variation
For this study, current leakage and diffusion have been neglected. As figure 4.4 shows, 
there is a linear dependence of both the input saturation power in mW and the required 
bias current on the ridge width.
This may be easily understood. Since the peak gain is fixed, so is the 3 dB gain. This 
means that {gm\ dB is also fixed, since T, a  andL are constants. As gm does not depend
n \on the ridge width,—is also independent. From E4.10, it can be seen that the bias current
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therefore increases linearly with w, as the effective electrical volume increases. If 
(gm)3dB and are both constant, it follows from E4.4 that (/av)3^  is also constant with
changing ridge width. Because (Pi„)3dB -  Win\dB WDopt} , the 3 dB input saturation 
power, plotted in mW, also rises linearly with ridge width.














Figure 4.4 Variation of input saturation power and bias current with ridge width for peak 
gain of 18 dB.
(iv) Heterostructure Thickness Variation
Increasing the heterostructure thickness Dopt, that is widening the barrier layers around 
the quantum wells, has a strong effect on the total confinement factor, as figure 4.5 
shows, r  rises at first and peaks at Dopt = 0.4 fim, before falling again.
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From E4.6, for constant (gL)3dB , (gm)3dB varies as p . As a result, the dependence of gm
on the heterostructure thickness is the inverse of figure 4.5. The bias current dependence 
(figure 4.6) is similar to the material gain dependence. But the cavity intensity also
(
n, nidg \
— -  —  I, which depends on the difference [(gm)peak -  (gm)3dB]' ^ ear_
ranging E4.6 and substituting for (gL)peak and (gL)3dB , leads to an expression for the 
difference \(gm)peak -  (gm)3dB]»being given by This therefore has a Dopt dependence
( m riyjg A
- —  - —  J
and ~ — with the linear relationship between Pin and Dop[, gives the final result shown
m peak
in figure 4.6 for three wells. All other dimensions are as before
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Figure 4.5 Variation of total confinement factor with heterostructure thickness for three 
quantum wells.
One method of increasing the input saturation power is to reduce T  by some means to 
decrease the gain [4]. It is evident from figure 4.5 that increasing Dopt above 0.4 pm 
will achieve this, as well as reducing the input intensity by enlarging the cavity.
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Figure 4.6 Variation of input saturation power and bias current with heterostructure 
thickness for peak gain of 18 dB.
(v) Device Length Variation
The relationship between saturation input power and device length obtained in this study 
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Figure 4.7 Variation of input saturation power and bias current with cavity length for a 
peak gain of 18 dB.
Rearranging E4.7 and substituting yields an approximate expl Hi -expl — I
(  n l n3aadependence f o r ------------. Thus the relationship between (Pin)2dB and the device length
k  3dB
where Xl = g L -  ln2 E4.15a
E4.15b
E4.15c
As a result, an increase in length, whilst leading to an increase in gain, results in an 
exponential decrease in saturation power.
4.3.3 Gain and Saturation Power Contour Plots
It would seem from studying the above results that, to get the best saturation performance, 
a device must be designed with the following characteristics:
1. A low number of wells
2. Narrow wells
3. A wide ridge
4. Thick barrier layers around the quantum well region
5. A short cavity
There are, however, limitations on these parameters, not least the fact that the conditions 
which give high saturation power also require very high bias current levels. However, 
there are other constraints to the dimensions. The well-width is limited by the fact that 
very narrow wells are difficult to fabricate accurately, and can also have unpredictable 
characteristics. The ridge width is really limited to about 4 (im if multimode operation 
is to be avoided, and Dopt should be kept to a reasonable limit to keep the growth time 
to a reasonable length; for example 0.6 (im. A large value ioiDopt may also cause device 
modulation bandwith limitations due to delays in carrier transport across the heteros­
tructure.
Any design therefore needs to be a compromise. A single narrow well with wide ridge 
and thick cladding layers may need to be offset by a long cavity to obtain the required 
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Contours of constant gain and saturation power for a device current of 150 mA 
plotted on axes of device length and electrical thickness. Ridge width 4 pm, heterostructure 
thickness 0.6 pm.
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For insight into design tolerances and trends, contour plots have been drawn for gain 
and saturation power vs the length and electrical thickness (well width multiplied by 
well number). Here, the ridge width and heterostructure thickness are kept constant at 
4 pm and 0.6 pm respectively. The current is also fixed, at 150 mA. On a graph of 
device length vs electrical thickness (Nwdw), contours of constant gain and constant 
saturation power have been drawn, to enable the trade-off between length and thickness 
to be assessed.
Figure 4.8 shows such a plot for a bias current of 150mA. It may be seen that the higher 
gains are obtained from the longer/thicker devices, while the higher saturation powers 
require short/thin designs.
It may be observed from this contour plot that, for a given peak gain value, the best 
saturation power is obtained from the lower end of the gain contour. That is, large 
electrical thickness and short device length.
4.3.4 Proposal of optimum device
Using the results of the investigation described above, a design is proposed for a device 
having a peak gain of 18 dB, and an input saturation power of +1.9 dBm. Its dimensions 
are as follows: electrical thickness of 30 nm, comprising three wells of 10 nm each; ridge 
width 4 pm; heterostructure thickness 0.6 pm; cavity length 350 pm; total confinement 
factor 0.0501. The facet reflectivity is assumed negligible. The gain peak is at 1520 
nm, in order for it to be compatible with future fibre systems which are expected to use 
this wavelength region.
Using the adapted computer model, the gain and harmonic ratio have been calculated, 
and the results are shown in figure 4.9. In figure 4.9(a) the steady state and small signal 
gains have been plotted as a function of input power. The modulation frequency is 100 
MHz, the optical modulation index 70 %, and the wavelength 1520 nm. It may be 
observed that the reduction in saturation power due to the modulation of the spontaneous 
emission is very significant for the MQW device. Thus, while the steady state saturation 
power is very close to the design value, at +1.7 dBm, the small signal saturation power 
is reduced to -1.9 dBm. The peak gain is calculated to be 17.8 dB.
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The harmonic ratio, defined in chapter 3, has been plotted as a function of facet input 
power in figure 4.9(b), with the corresponding values for a pure travelling wave bulk 
device of the same structure as in chapter 3. The enhancement is evident, with an 
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Figure 4.9 (a) Steady state and small signal gains plotted against facet input power for the 
MQW device. EXT bias 150 mA, signal modulation 100 MHz, omi 70 %, wavelength 1520 
nm. (b) Harmonic ratio plotted against facet input power for the MQW and bulk devices. 
Conditions as (a) except bulk amplifier bias 50 mA, wavelength 1311 nm
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4.4 Verification of Theory
To test the accuracy of the adapted computer model, and of the design criteria described 
above, gain measurements were carried out on an MQW laser device with coated end 
facets, supplied by Hewlett-Packard.
The device has a SCH-RWG structure with 3 wells of 8.5 nm each, a heterostructure 
thickness of 0.2 p,m, a 3 |im ridge, and a cavity length estimated to lie between 500 - 
600 |im. Data supplied by Hewlett-Packard gives a value of 0.6 % for the facet 
reflectivity. For the purposes of modelling the steady state gain, these values are 
unchanged with the exception of the length, for which a value of 480 pm has been found 
to give the best fit The confinement factor for this structure is calculated to be 
approximately 0.04, the change in refractive index with carrier density used by the model 
is -3.6 x 10'20 cm3 [11], and a value of 15 cm'1 is used for the effective losses. Otherwise, 
all constants are as stated in table 4.1.
4.4.1 Experimental Details and Results
The gain measurements were carried out using the system depicted in figure 4.10.
The input signal is supplied by a dfb laser with an emission wavelength of 1489 nm, 
close to the amplifier gain peak at 1490 nm. The signal is split by a 3 dB optical coupler 
so that the input power can be monitored using the first optical head. The polarisation 
controller optimises the orientation of the light; this is particularly important where MQW 
devices are concerned, as their gain is very sensitive to signal polarisation. Since the 
optical amplifier is not packaged, the input light is guided into the facet by a fibre lens; 
the output light is gathered by a bulk lens to prevent large losses. The beamsplitter 
divides the signal once again, this time enabling the image of the facet to be observed 
using an infra-red camera while the gain is measured using the second optical head. The 
use of the camera aids in positioning the fibre and bulk lenses to ensure that the laser 
signal is not simply passing around or above the amplifier. The slits in front of the 
second optical head limit the amount of scattered light detected, and also prevent satu­
ration of the detector.
4-19
In order to minimise the influence of the ASE on the results, the following method has 
been adopted. The bias currents to the laser and amplifier are pulsed, as shown in the 
schematic of figure 4.11, the SOA pulse being delayed with respect to that of the source. 
The output power thus consists of three components: the first is the laser light scattered 
around the amplifier; the second, where the two bias pulses coincide, is the SOA gain; 
the third is the spontaneous emission produced by the amplifier. The actual gain of the 
amplifier is then given by
total output - spontaneous emission - deflected laser light _
Cr =  ------------------------------------;------------------------------------------------------  E 4 .16
input power
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Figure 4.10 Experimental system used to measure the gain of the MQW device.
This method does not give accurate results at high input powers, where the ASE is 
saturated, but is more effective than a simple ratio of output power to input power, since 
this device generates large quantities of spontaneous emission.








Figure 4.11 Schematic time dependence of laser bias, SOA bias pulse and output from 
optical head showing (a) scattered laser light, (b) SOA output and (c) spontaneous emission.
Figure 4.12 shows the dc gain of the device, compared with modelled data, for the 
following conditions: SOA current 90 mA, pulsewidth 1.8 ms, pulse period 18 ms, 
wavelength 1489 nm. Reasonable agreement is achieved. Modelling a wavelength range 
from 1488.8 to 1489.5 nm predicts apeak gain of 16.2 dB, and an input saturation power 
of -5.3 dBm for this device; it was not possible to saturate it experimentally. The gain 
ripple is estimated by the model to be 3 dB, indicating that the facet coatings are still 
not good enough.
4.4.2 Discussion
The chip gain and input saturation power of this device are both low, at 16.2 dB and -5.3 
dBm respectively. This may be attributed to the structure of the device, which was 
designed for laser operation. Contrary to the finding that the highest saturation power 
is achieved using a short thick cavity, the electrical thickness is 25.5 nm, against a cavity 
length of approximately 500 |nm. The small optical cavity, with a total heterostructure 
thickness of 0.2 p,m, contributes to the low saturation power, and also to the strong 
polarisation sensitivity of the device.
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These results confirm that high performance optical amplifiers need to be specially 
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Figure 4.12 Experimental and theoretical gain of MQW device for bias current of 90 mA 
at a signal wavelength of 1489 nm.
4.5 Conclusions
A simple process for the design of multi-quantum-well optical amplifiers has been 
described. The effect of changing the physical dimensions of the cavity upon the 
saturation input power, and upon the bias current needed to achieve a given peak gain, 
has been investigated. The conditions which enable the highest saturation power to be 
achieved also demand high bias current injection to provide the required value of gain. 
The use of contour plots enables the compromise between gain and saturation power to 
be made effectively by the adjustment of the cavity length and electrical thickness of 
the device, and shows that a device with high saturation power requires a short, thick 
structure.
Using this information, a design has been proposed for a high saturation power device, 
having 18 dB peak chip gain and +19 dBm input saturation power. Modelled results 
indicate a peak gain of 17.8 dB, and steady state and small signal input saturation powers
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of +1.7 dBm and -1.9 dBm respectively. The proposed MQW device has a harmonic 
performance far superior to that of the bulk amplifier described in chapter 3, with 12 dB 
improvement in HR being achieved.
Measurement of the gain of an MQW laser with AR coated facets confirms that a large 
optical volume and short cavity are necessary for high saturation power, also that a thick 
electrical region is required for high gain. It may be concluded from this that laser 
structures in general are not suitable for the fabrication of optical amplifiers, and that 
specially designed devices are required for low distortion operation.
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Constant Description Value
W Ridge width 4 pm
dw Well thickness 8 nm
Nw Well number 4
Dopt Optical thickness 0.6 pm
L Cavity length 500 pm
R i,R2 Facet reflectivity 0
A Nonradiative recombination constant 108 s 1
B Bimolecular recombination constant 1 0 10 cm3 s 1
C Auger recombination constant 1.3 x 10'28 cm6 s'1
a Effective optical losses 15 cm'1
8 ml Material gain constant 675 cm'1
8 m2 Material gain constant 236 C cm'2 s 1
P Spontaneous coupling coefficient 2 x 10‘5
Table 4.1 Constants used in the numerical analysis of the design process.
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Reducing Signal Distortion Using 
Bias Current Feedback
This chapter proposes a novel method o f  reducing analogue signal distortion, using an 
electrical feedback circuit. The carrier density modulation may be detected through 
fluctuations in the terminal voltage and, with the use o f a negative feedback loop, reduced  
in depth. Since the carrier density modulation is less deep a t low  input pow ers and high 
modulation frequencies, the signal distortion is lower, and the feedback signal is smaller. 
This does, however, mean that the response o f the electronics will only need to be as 
fa s t as the carrier lifetime, o f  the order o f  3 ns. Mathematical analysis, and theoretical 
results from  a modified form  o f the computer model described in chapter 3, predict 
significant improvement in harmonic performance using this method. Specifically, it is 
demonstrated that the rf  gain may be increased, due to an enhancement o f  3.25 dB in 
input saturation power, the phase distortion reduced by up to three orders o f  magnitude, 
and the HR raised by more than 15 dB.
5.1 Statement of Problem and Proposal of Solution
There are two problems to be overcome before semiconductor optical amplifiers can 
achieve widespread use in analogue amplitude modulated systems; these are the effective 
reduction in gain and saturation power experienced by the device, and the relatively high 
levels of signal distortion introduced into the system. Both effects are caused by the
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deep modulation of the carrier concentration, and therefore of the cavity gain and 
spontaneous emission, by the modulated input signal. Simply stated, the solution is to 
vary the rate of carrier injection, and thus to maintain the carrier concentration at an 
approximately constant level. The result of this is expected to be an increase in input 
saturation power, and a decrease in signal distortion.
The carrier density modulation may be detected through the terminal voltage, which 
represents the conditions inside the cavity [1-4]. Delaying the voltage fluctuations with 
respect to the signal, and adding them to the dc bias in such a way that the feedback 
signal destructively interferes with the voltage at the terminals of the device, reduces 
the depth of modulation of the carrier concentration. Modulation of the bias current has 
previously been used to reduce intermodulation distortion in multichannel systems [5], 
but in the system proposed here the amplifier provides its own modulation signal.
In the next section, the approximate magnitude of the terminal voltage fluctuations is 
calculated, following which the changes to the small signal computer model are detailed. 
The theoretical effect of the feedback circuit on the time-dependent response of the 
device is described, along with analysis of the increase in gain and harmonic ratio 
expected. Finally, theoretical gain and distortion figures are presented as confirmation 
of the benefits of this system. Experimental verification is given in chapter 6.
5.2 Calculation of Terminal Voltage
The calculation of the terminal voltage of an optical amplifier, and the fluctuations due 
to a modulated input signal, follows the method outlined in reference [1]. The terminal 
voltage of an SOA may be calculated from:
UF = -  . (Efc + Efv + E.) E5.1q
where q is electronic charge, Eg is the bandgap of the material, and EFC and Epy are the 
quasi-Fermi energies measured from the edges of the conduction and valence bands 
respectively. Thus the expression inside the brackets gives the quasi-Fermi level sep­
aration, which is calculated using the electron and hole effective masses for InP [6].
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The variation of the terminal voltage is calculated using values of carrier concentration 
provided by the computer model; sample results are shown in figure 5.1. Here, the 
change in junction voltage due to a steady state optical signal has been plotted as a 
function of the fibre input power, for a bias current of 50 mA. The dark junction voltage 
at this current is calculated to be 975.16 mV, corresponding to a carrier concentration 
of 1.606 x 1018 cm'3. For a device having a typical diode series resistance of approximately 
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Figure 5.1 Calculated change in terminal voltage due to optical signal. Bias current 50 
mA, 1311 nm.
It may be observed from figure 5.1 that there is an initial drop of just over 1 mV when 
the optical input signal is applied, following which the terminal voltage remains 
approximately constant until the device begins to saturate and the carriers are depleted. 
The effect of Fabry-Perot ripple on the cavity gain and carrier concentration may be seen 
in this plot.
If the modulation depth of the terminal voltage is to be calculated, the small signal 
variation of voltage with input power must be known; this may be calculated using a 
simple small signal equivalent circuit for the amplifier [1], as shown in figure 5.2.
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Figure 5.2 Small signal equivalent circuit for optical amplifier
Using this representation, the magnitude of the terminal voltage variation across a load 
resistance of RL, due to a small signal modulated optical input, may be calculated from 
[1]:
u_ _ R R hig_ + (co/?|C(/?L + R ^ f  ^  ^
P ~  ' 1 P (R ^ R l +Rs)2 +((aRiC(RL+Rs))2
Here, P is the small signal input power, Rt is the differential diode resistance of the 
amplifier, isig is the small signal photocurrent, Rs is the diode series resistance, CO is the 
angular frequency of modulation and C is the diffusion capacitance. These parameters 
are calculated according to the method detailed in reference [1]. The last term on the 
right hand side of E5.2 represents a low pass filter function, and its effect can be seen 
in figure 5.3, which shows the calculated peak to peak voltage ripple as a function of 
modulation frequency. Two fibre input powers are considered, one above and one below 
saturation. The voltage ripple increases with increasing input power, and decreases with 
increasing modulation frequency. This is consistent with the behaviour of the signal 
distortion as reported in chapter 3. The limiting effect of the carrier lifetime may be 
observed from this plot; the bandwidth of an amplifier-detector would be limited to a 
few hundred megahertz even for high input powers.
Since the feedback signal originates in the terminal voltage ripple, it may be inferred 
that the feedback method will be less effective at high frequencies. This is in fact the
case, but under these conditions the signal distortion is also low, and so less electrical 
feedback is needed. This method is primarily designed to extend the usable bandwidth 






500 1000 1500 2000
Modulation Frequency (MHz) 
-15 dBm -5 dBm
Figure 5.3 Calculated variation of depth of photovoltage ripple with modulation frequency. 
50 mA, 70 % modulation, 1311 nm.
5.3 Theoretical Analysis of Feedback 
5.3.1 Changes to the Model
Although the feedback signal is in reality generated by the terminal voltage, for ease of 
computation the theoretical model feeds back the value of carrier density modulation. 
The carrier density fluctuations are monitored, and three constants quantified. These 
are n2f, the maximum value of carrier concentration, nlf, the minimum value and n^, the 
average value. The calculation is modified by the addition of a feedback term to the 
expression for ^  in the rate equation:
Ja Ja  
qd qd
1 -  iooa:




where K  is the feedback variable. The factor of 100 is used to limit the value of AT to a 
value between 0 and 1.
5.3.2 Mathematical Analysis
The type of feedback considered is ac-coupled, that is the dc drop in terminal voltage 
due to the application of the input signal is filtered out before the feedback loop. Thus 
the addition of the feedback signal does not compensate for carrier depletion due to the 
average input signal, but is designed to reduce the magnitude of the carrier density ripple 
due to the input signal modulation.
Mathematical analyses of the effect of bias current feedback upon the gain and harmonic 
ratio of the device demonstrate the beneficial effect of this method.
With the application of ac coupled feedback, the rf device gain may be shown to be:
Comparing this with the conventional gain expression, E2.7, the increase in modulated 
gain due to feedback may be clearly seen. At low input powers, where nx is not strongly 
depleted, the feedback terms are small; when the device begins to saturate, greatly 
reducing nx, the feedback terms begin to dominate the gain. Since the numerator feedback 
term is larger than that in the denominator by a factor of (nx -  n0), this gives an increase 
in saturated gain.




By comparing E5.5 with E3.23, it may be observed that the HR will always increase, 
provided the feedback is negative (ie K is positive). It may also be seen that the increase 
is dependent upon the values of A' (amount of feedback) and nx (level of carrier depletion).
It can be shown that dc-coupled feedback, which raises the average value of n, as well 
as reducing its modulation, gives a larger increase in rf gain. However, the improvement 
in HR is no greater than for the case where the feedback is ac-coupled, and a large 
increase in dc bias current would be generated by the feedback signal.
5.4 Theoretical Results
5.4.1 Time Dependence
The effect of bias current feedback upon the bias current, carrier concentration and output 
power can be seen in the theoretical plot of figure 5.4. The conditions are as follows: 
SOA bias current 50 mA; average fibre input power -5 dBm; modulation frequency 100 
MHz; modulation index 70 %; wavelength 1311 nm; feedback variable 1. Before the 
feedback is switched in, it may be observed that the sinusoidally modulated input signal 
causes modulation of the carrier density, and that this modulation is almost completely 
out of phase with the input power. The harmonic distortion of the output power is 
demonstrated by the flattened shape, the phase distortion by the phase shift between the 
input and output signals. When the feedback signal is switched in, at t = 30 ns, a sinusoid 
is added to the bias current, and the modulation on the carrier density is much reduced 
and forced into exact antiphase with the input signal. The output power is increased and 
brought into phase with the input; its harmonic distortion is visibly reduced.
5.4.2 Input Power Dependence
The effect of bias current feedback on the rf gain, and on the phase and harmonic dis­







Figure 5.4 Calculated time dependence of input power, bias current, carrier concentration 
and output power, showing the effect of adding bias current feedback. DC Bias current 50 
mA, fibre input power -5 dBm, modulation frequency 100 MHz, omi 70 %, 1311 nm, K=l.
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Figure 5.5(a) shows the rf gain, with and without feedback, as a function of input power 
for conditions as in figure 5.4. At low input powers, there is little change in the gain 
due to feedback, but at high powers the gain is increased, due to the shift of the gain 
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Figure 5.5(a) Input power dependence of rf gain with and without feedback. Bias current 
50 mA, modulation frequency 100 MHz, omi 70 %, 1311.23 nm.
The phase distortion is plotted in figure 5.5(b). The improvement is immediately evident, 
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Figure 5.5(b) Input power dependence of phase distortion with and without feedback. 
Conditions as figure 5.5(a).
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The harmonic ratio, as shown in figure 5.5(c), shows an increase of 16 dB at lower 
powers. The effective increase in input saturation power may be seen in the shift of the 
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Figure 5.5(c) Input power dependence of harmonic ratio with and without feedback. 
Conditions as figure 5.5(a).
5.4.3 Modulation Frequency Dependence
The frequency dependences of the rf gain, phase and harmonic distortion have been 
plotted, with and without feedback, in figure 5.6. The facet reflectivity has been reduced 
to zero for these plots. Two values of input power have been considered, one below 
saturation, and one at saturation. A value of 0.2 has been used for A' to show the trends.
From figure 5.6(a), it may be seen that the effect of feedback on the rf gain is less at low 
powers and high frequencies. The increase in gain obtained at saturation is as much as 
1.5 dB.
The effect of the bias current feedback upon the phase distortion is to remove entirely 
the peak seen at low frequencies. As the frequency increases, and the carrier density 
modulation decreases in depth, the phase distortion with feedback approaches that 
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Figure 5.6(al Modulation frequency dependence of rf gain, with and without feedback, for 
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Figure 5.6(h  ^ Modulation frequency dependence of phase distortion, with and without 
feedback, for fibre input powers of -25 dBm and -7.5 dBm. Conditions as figure 5.6(a).
The harmonic ratio is plotted as a function of modulation frequency in figure 5.6(c), for 
the same conditions as before. Again, the greatest increase occurs at low frequencies.
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Greater improvement is observed at low input powers. This is due to the greater value 
of Px at high input powers, which reduces the effect of the feedback term in the numerator, 
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Figure 5.6(c) Modulation frequency dependence of harmonic ratio, with and without 
feedback, for fibre input powers of -25 dBm and -7.5 dBm. Conditions as figure 5.6(a).
5.4.4 K Dependence
To quantify the achievable enhancement in performance, the rf gain and the distortion 
have been investigated with varying values of feedback variable. In figure 5.7(a), the 
improvement in gain has been plotted as a function of K  for the values of average input 
power used in figure 5.6. It may be seen that the increase in gain at the lower value of 
input power saturates almost immediately at less than 0.1 dB, while for -7.5 dBm input 
power the gain is still increasing at K=l. The greater increase in gain experienced for 
the higher input power is due to the larger depth of carrier density modulation, which 
produces a larger feedback signal. The improvement saturates at high values of K because 
of the way in which the feedback is applied. Since the device produces its own feedback 
signal, proportional to the depth of modulation of the carrier density, the magnitude of 
the feedback signal decreases as the carrier density modulation decreases. Because of
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this, the carrier concentration modulation depth will approach zero, but never reach it. 
It does mean, however, that the extra SOA bias current required to implement the 
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Figure 5.7(a) Change in rf gain as a function of feedback variable for fibre input powers 
of -25 dBm and -7.5 dBm. Bias current 50 mA, modulation frequency 100 MHz, omi 0.7, 
1311 nm, zero facet reflectivity.
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Figure 5.7(b) Log of phase distortion as a function of feedback variable for fibre input 
powers of -25 dBm and -7.5 dBm. Conditions as figure 5.7(a).
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The log of the change in phase distortion has been plotted in figure 5.7(b), since the 
numbers involved are so small. The improvement obtained is very significant, up to 
three orders of magnitude. It is interesting to note that the reduction obtained is 
approximately equal for the two values of input power.
Figure 5.7(c) shows the change in harmonic ratio as a function of feedback variable, for 
the same two values of input power. Again, it may be seen that the greatest enhancement 
is obtained at lower input powers, for the reason explained earlier. Again the 
improvement may be seen to be levelling off at high values of K .
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Figure 5.7(c) Change in harmonic ratio as a function of feedback variable for fibre input 
powers of -25 dBm and -7.5 dBm. Conditions as figure 5.7(a).
To demonstrate that this method does not require the injection of large bias currents, the 
peak injection current has been calculated as a function of K ; this is plotted in figure 
5.8. It may be seen that an increase of less than 8% in bias current is required for K  = 1 
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Figure 5.8 Dependence of peak bias current upon feedback variable for fibre input powers 
of -25 dBm and -7.5 dBm. DC bias current 50 mA, modulation frequency 100 MHz, omi 
0.7,1311 nm, zero facet reflectivity.
5.5 Conclusions
A method of improving the performance of an optical amplifier in an analogue amplitude 
modulated system has been proposed. This scheme uses an electronic feedback loop to 
monitor the carrier density modulation via the terminal voltage, and to provide negative 
feedback to compensate for the modulation of the carrier density. Since the modulation 
of the carrier concentration is less at high modulation frequencies, the loop will be less 
effective here; the purpose of this method is to extend the bandwidth of the device to 
lower frequencies. Reducing the carrier density modulation is expected to lead to higher 
input saturation power, and therefore higher rf gain, and lower phase and harmonic 
distortion.
Mathematical analysis of the feedback method confirms that there will always be an 
improvement in device performance, provided the feedback is always negative. 
Theoretical data from the computer model, modified to take account of the effect of 
feedback, predicts typical increases of 3.25 dB in saturation power, and of more than 15 
dB in HR, and decreases of up to three orders of magnitude in phase distortion.
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Experimental Verification of Feedback 
Technique
The feedback technique proposed  in the previous chapter has been investigated exper­
imentally. The fluctuations in amplifier terminal voltage, due to an optical signal, are 
easily detectable, and slightly larger than those calculated in the previous chapter. 
D irect modulation o f  the amplifier bias current is shown to reduce harmonic distortion  
by up to 17.75 dB, and to increase the modulated gain by up to 2.8  dB. A simple, 
non-optim ised feedback loop has been found to reduce harmonic distortion by up to 18 
dB, and also to reduce the noise pow er at the signal frequency by up to 15 dB. The rf  
gain may be increased by up to 5.5 dB. An RF resonance signal at 2 .37  GHz is present 
in the feedback loop, and the presence o f  feedback in the loop has been confirmed.
6.1 Introduction
Chapter 5 proposed a novel method of reducing the modulation of the carrier density, 
and thus decreasing signal distortion, by means of an electrical feedback loop. Theor­
etical analysis of the technique suggests that this method will have a beneficial effect 
on the performance of the device.
An experimental investigation of the influence of bias current feedback will be described 
in this chapter. Firstly, measurements of the photovoltage are described, under various 
experimental conditions. Following this, results are presented to demonstrate the
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beneficial effect of direct modulation of the bias current on the harmonic performance 
of the device. Finally, the use of an electrical feedback loop is shown to reduce harmonic 
distortion, and also noise.
6.2 Measurement of Terminal Voltage
6.2.1 Experimental Details and Results
The system used to measure the photovoltage is shown in figure 6.1. The laser is a 
multimode diode laser, with its gain peak around 1300 nm, pulsed to allow measurement 
of the change in SOA voltage due to the optical input signal. The diode in the laser 
circuit is for reverse-bias protection, the 47 Q resistor for impedance matching; the pulses 
are negative with respect to earth. The SOA is dc biased using a current source, and its 
temperature automatically controlled by an ILX Lightwave LDT-5910 temperature 
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Figure 6.1 Experimental system for the measurement of the SOA photovoltage.
Figure 6.2 shows the dark current-voltage characteristic of the SOA. The voltage was 
measured using a Keithley 177 digital multimeter. The expected diode relationship is 
obtained; there is good agreement between the value of 1.14 V measured at 50 mA and 
the value of 1.125 V calculated in chapter 5.
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Figure 6.2 Dark current-voltage characteristic.
The change in terminal voltage due to an optical input signal has been plotted in figure 
6.3, for a bias current of 50 mA. The pulse width and period are as before, and the 
voltage is measured into 50 Q. The voltage variation is in good general agreement with 
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Figure 6.3 Change in terminal voltage as a function of fibre input power for 50 mA dc 
bias.
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Figure 6.4 shows the photovoltage vs amplifier dc bias. The change of sign observed 
at a bias current of approximately 33 mA occurs at transparency [1,2], as the amplifier 
switches from absorption to emission. Three values of fibre input power are considered; 
-8.7 dBm, -5.1 dBm, and -2.73 dBm. The inset, which magnifies part of the scale around 
transparency, shows that the current at which transparency occurs decreases slightly as 
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Figure 6.4 Photovoltage as a function of SOA dc bias for three values of fibre input power. 
Inset showing magnified section of main graph to demonstrate the dependence of the 
transparency current upon the input power.
From the information in figure 6.4, the responsivity may be calculated as a function of 
bias current; this is plotted in figure 6.5. The form of the graph agrees well with the 
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Figure 6.5 Variation of responsivity with amplifier dc bias current for three values of input 
power as figure 6.4.
6.2.2 Discussion
The results of these measurements show that the calculations presented in the previous 
chapter, while not precise, are of the right order. Further, they demonstrate that the 
photovoltage fluctuations are large enough to detect.
6.3 Use of Bias Current Modulation to Reduce Distortion
6.3.1 Experimental Details and Results
The effect of adding a sinusoid to the amplifier dc bias has been investigated by 
modulating the SOA and laser with the same rf oscillator. This uses the same principle 
that Saleh et al employed to reduce intermodulation distortion [4], The experimental 
system is shown in figure 6.6.
In this system, the laser and amplifier are both modulated by the signal from an HP8350B 
sweep oscillator, via specially made bias tees; their dc biases are provided by stabilised 
voltage supplies via limiting resistors. The cable lengths are kept constant, and the phase 
difference between the modulation on the optical input signal and that on the amplifier 
bias is tuned by varying the modulation frequency. The input and output optical powers
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are measured by a Hewlett-Packard HP11982A lightwave convertor, which contains a 
fast photodiode and a high frequency electrical amplifier; the frequency spectrum is 
observed using an HP8593A spectrum analyser.
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Figure 6.7 Experimental variation of first and second harmonic powers as a function of 
modulation frequency (phase) for dc bias 55 mA, rf current 8.5 mA pp, fibre input power 
-10 dBm, omi 56 %.
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Figure 6.7 shows the measured first and second harmonic powers at the output of the 
amplifier for the following conditions: dc bias 55 mA, temperature 20 °C, average fibre 
input power -10 dBm, modulation index 56 %, input harmonic ratio 12.5 dB, rf 
modulating current 8.5 mA peak to peak. Over the range of frequencies considered, the 
HR of the amplifier when dc biased varies by less than 1 dB.
The periodicity of the phase response may be clearly seen. This characteristic gives rise 
to the dependence of the change in HR with modulation frequency (phase) shown in 
figure 6.8.
A maximum increase of 17.75 dB has been achieved using this method; this represents 
a situation where the second harmonic is buried below the noise floor, and thus the real 
figure may be even higher. At worst, the HR may be reduced by 9 dB, resulting in a 
negative figure for this quantity, that is, the second harmonic is more powerful than the 
first. It may be seen that the phase of the modulation signal with respect to the optical 
input is very crucial around the HR peak. As figure 6.9 shows, the rf gain may be 
increased by up to 2.8 dB under the conditions which give the peak in HR. Under least 








5040 60 70 80
Modulation Frequency (MHz)
Figure 6.8 Experimental variation of harmonic ratio with modulation frequency for 
conditions as figure 6.7.
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Modulation Frequency (MHz)
Figure 6.9 Experimental variation of rf gain with modulation frequency for conditions as 
figure 6.7.
Modifications to the small signal computer model have enabled the simulation of these 
results. To simplify the changes to the model, the multimoded input signal is taken into 
account via a decrease in effective power facet reflectivities from 2 % to 0.1 %. One 
mode only is considered inside the cavity. Figures 6.10(a) and (b) show the theoretical 
plots corresponding to figures 6.8 and 6.9. Excellent agreement between experiment 
and theory is obtained, despite the simplifications employed.
-10
200 400 600 800 1000
Phase Difference (degrees)
Figure 6.10(al Theoretical variation of harmonic ratio with modulation frequency for 
conditions as figure 6.7.
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Figure 6.10(bl Theoretical variation of rf gain with modulation frequency for conditions
as figure 6.7.
Figure 6.11 shows sample frequency spectra of the output from the amplifier. The 
conditions are as before, except that the modulation frequency is 62 MHz; the top trace 
was taken with dc bias, the bottom one with an rf modulation of 12.5 mA. The traces 
have been displaced for clarity. In the second spectrum, it may be seen that the second 
harmonic is below the noise floor, an increase of 1 dB in the device rf gain is obtained 
under these conditions.
To quantify the maximum possible improvement using this method, the HR has been 
calculated for various values of rf modulating current, and this is plotted in figure 6.13. 
The conditions are; -7 dBm fibre input power, input HR 12.5 dB opt., 60 MHz modulation 
frequency, 60 % optical modulation index, 55 mA dc current, 1300 nm. The phase 
difference between the optical and electrical modulation is optimised to give a maximum 
increase in HR. It may be seen that there is a peak in HR at an rf current of 7.5 mA peak 
to peak. Below this value, the bias current modulation is not sufficiently deep to com­
pensate for the carrier density modulation; above 7.5 mA, it may be inferred that the 







Figure 6.11 Frequency spectra of output power with dc bias (top trace) and rf modulation 
(bottom trace); SOA dc bias 55 mA, temperature 20 *C, average fibre input power -10 dBm, 
rf modulation frequency 62 MHz, omi 56 % and rf modulating current 12.5 mA pp. The 
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Figure 6.12 Simulated dependence of harmonic ratio upon rf modulating current. SOA 
dc bias 55 mA, temperature 20 "C, average fibre input power -7 dBm, modulation frequency 
60 MHz, omi 60 %, input HR 12.5 dB, 1300 nm.
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6.3.2 Discussion
The success of this experiment, in achieving an improvement of 17.75 dB in HR, 
effectively removing the second harmonic, and an increase of 2.8 dB in rf gain, dem­
onstrates the advantages of modulating the SOA bias current. These results are very 
encouraging, as the improvement in performance obtained using this method is even 
higher than that predicted for the feedback method in chapter 5.
6.4 Verification of Feedback Method
6.4.1 Experimental Details and Results
The experimental system used to assess the feedback method is shown in figure 6.13. 
The multimode laser described earlier is used for some measurements; others are obtained 
using the dfb used to obtain the experimental results reported in chapter 3. The dfb has 
automatic temperature control provided by the ILX Lightwave temperature controller, 
when the dfb is used, the SOA temperature is controlled manually with the use of a 
current source and a multimeter. For these experiments, the laser is directly modulated 
by a Systron-Donner 1702 signal generator. The feedback loop itself contains a -10 dB 
directional coupler. This samples a fraction of the SOA terminal voltage, and directs 
the rf current around the feedback loop, preventing reflections from the SOA, which the 
rf signal perceives as a short-circuit. Amplification is provided by two Mini-Circuits rf 
amplifiers, with combined amplification of approximately 49 dB. Their 1 dB gain 
compression frequencies are 2 GHz and 4.2 GHz, respectively. There is no phase control 
in the loop.
Sample frequency spectra are shown in figure 6.14. These traces have not been spatially 
displaced. The conditions are as follows: SOA dc bias 80 mA; SOA temperature 17 °C; 
average input power -8.57 dBm; modulation frequency 140 MHz; modulation index 55 
%; input HR 15.7 dB; dfb laser temperature 16.8 °C, corresponding to a wavelength of 
approximately 1311.04 nm. It is immediately evident that the higher harmonics have 
all been reduced in power, and that the low frequency noise floor has been lowered. At 
this wavelength the rf gain is reduced slightly, however increases of up to 5.55 dB have 
been achieved using this method. The reduction in HR under these conditions is 12.1 
dB, the decrease in noise 12.5 dB. The maximum increase in HR achieved using this 
method is 18 dB. The decrease in noise is caused by a reduction in the average gain of
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the SOA; since both shot and beat noise terms are proportional to the average gain or 
its square, this results in a significant reduction in noise. Theoretical analysis of the 
experimental results confirm this to be the noise reduction mechanism, and experimental 
observation of the optical spectrum, described in chapter 7, endorses this explanation. 














Figure 6.13 Experimental system used to assess the bias current feedback technique.
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Figure 6.14 Frequency spectra taken with and without feedback. SOA dc bias 80 mA, 
temperature 17 *C, input power -8.57 dBm, modulation frequency 140 MHz, omi 55 %, 
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Figure 6.15(a) Photograph of oscilloscope trace. SOA dc bias 80 mA, 17 *c, input power 
-8.51 dBm, modulation frequency 120 MHz, omi 29 %, dc bias.
Figure 6.15(b) Photograph of oscilloscope trace. SOA dc bias 80 mA, 17 *c, input power 
-8.51 dBm, modulation frequency 120 MHz, omi 29 %, with bias current feedback.
The improvements in both noise and distortion are demonstrated by the photographs in 
figure 6.15. These were taken from the screen of an oscilloscope, the vertical and 
horizontal scales being the same for both. The conditions are as follows: SOA dc bias 
80 mA; temperature 17 °C; average fibre input power -8.51 dBm; modulation frequency 
120 MHz; omi 29 %. The source for this observation was the multimode diode laser. 
The trace in figure 6.15(a), taken with dc bias, shows a high level of noise and also signal 
distortion, the trace being almost triangular in shape. When the feedback is added (figure 
6.15(b)), the modulation has become sinusoidal in form, the noise is visibly reduced, 
and the rf power is increased.
The modulation depth dependence of the improvement in noise and distortion has been 
investigated, using the multimode laser as the source. The results are shown in figure 
6.16 for the following experimental conditions: SOA dc bias 80 mA; SOA temperature 
17 °C; average input power -8.5 dBm; modulation frequency 120 MHz. The omi is 
varied between 20 % and 55 %. The change in noise and harmonic distortion may be 
seen to have the same dependence upon the modulation index; a reduction is experienced 
by both as the modulation index is increased to 46 %. Above this value, it may be inferred 
that the feedback signal is not strong enough to overcome the deep modulation of the 
carriers.
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Figure 6.16 Variation of the change in noise and harmonic distortion with input optical 
modulation index. SOA dc bias 80 mA, temperature 17 *C, average input power -8.5 dBm, 
modulation frequency 120 MHz.
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6.4.2 Confirmation of the Presence of Feedback
Present in the non-optimised electrical feedback loop is a resonance signal at 2.37 GHz, 
generated by the directional coupler and rf amplifiers. This signal is independent of the 
optical amplifier, and is present even when the SOA is disconnected from the loop. The 
result of this is modulation of the optical amplifier bias at 2.37 GHz, in addition to the 
low frequency optical modulation. Applications of this high frequency modulation signal 
will be explored in chapter 7.
A detailed theoretical and experimental evaluation of the effect of the feedback loop has 
been carried out, to confirm the presence of feedback of the low frequency modulation 
signal. Using the dfb, and tuning its temperature to vary the wavelength, the wavelength 
dependences of the change in rf gain, harmonic ratio and noise have been measured, 
using both feedback and direct modulation of the SOA bias. These results have also 
been simulated using the computer model, suitably modified.
The high frequency 2.37 GHz resonance signal has been measured at +12.1 dBm elec­
trical, equivalent to a peak rf bias of 25.5 mA. It is estimated that approximately 9.1 
dBm, equivalent to 18 mA peak, actually enters the SOA. To ascertain whether high 
frequency modulation is the dominant effect, the amplifier bias is directly modulated 
with an rf signal of equal power and frequency for comparison.
Figure 6.17(a) shows the measured rf gain, as a function of wavelength, for dc bias, for 
resonant feedback and for direct modulation of the bias at 2.37 GHz. The SOA dc bias 
is 80 mA, its temperature is 17 °C, the average input power is -8.6 dBm, the modulation 
frequency 140 MHz, the omi 57 %. Figure 6.17(b) shows simulated results for the same 
conditions, using a value of 0.4 for K.
In the theoretical plot, it may be seen that the rf gain is almost unchanged by the addition 
of direct rf modulation to the bias current. Here, the two plots agree well. For the case 
of the resonant feedback, however, the theoretical plot shows a shift in the FP resonance, 
along with an increase in gain. The shift in the maximum transmission wavelength of 
the cavity is due to the change in refractive index caused by the change in average cavity 
gain (see figure 6.21). In the experimental plot, the FP ripple is greatly reduced in 
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Figure 6.17(al Experimental rf gain under conditions of dc bias, direct bias current 
modulation and resonant feedback. SOA dc bias 80 mA, temperature 17 °C, average input 
power -8.6 dBm, modulation frequency 140 MHz, omi 57 %.
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s, direct bias current modulation 
and resonant feedback. Conditions as figure 6.17(a) except £=0.4.
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Figure 6.18(a) Experimental change in rf gain due to direct bias current modulation and 
resonant feedback. Conditions as figure 6.17(a)
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Figure 6.18fhl Theoretical change in rf gain due to direct bias current modulation, and 
resonant feedback. Conditions as figure 6.17(b).
In both plots, the gain in the case of resonant feedback is increased over the larger part 
of the wavelength range. For the direct modulation condition, a small increase in rf gain 
is experienced, but the change is zero for most of the wavelength range. The largest
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increase and decrease are both experienced with resonant electrical feedback. The values 
of the experimental and theoretical change in rf gain agree well for both measurement 
conditions.
The HR is plotted in figure 6.19, for the same conditions as before. Again there is little 
change for the case of direct bias, when compared with the dc case. As the theoretical 
plot shows, the effect of resonant feedback is a wavelength shift, also a rise in peak HR. 
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Figure 6.19(a) Experimental harmonic ratio under conditions of dc bias, direct modulation 
and resonant feedback. Conditions as figure 6.17(a).
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Figure 6.19fbl Theoretical harmonic ratio under conditions of dc bias, direct modulation
and resonant feedback. Conditions as figure 6.17(b).
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The change in harmonic ratio due to the two bias conditions is plotted in figure 6.20, for 
experimental and theoretical results. There is good general agreement between figures 
6.20(a) and 6.20(b), with the greatest increase in HR being achieved for the case of 
resonant feedback, the greatest reduction for direct modulation.
18 19
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Figure 6.20(a) Experimental change in harmonic ratio due to direct modulation and resonant 
feedback respectively. Conditions as for figure 6.17(a).
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Figure 6.20(b) Theoretical change in harmonic ratio due to direct modulation and resonant
feedback respectively. Conditions as for figure 6.17(b).
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In figure 6.21(a), the experimentally measured change in noise power at 100 MHz has 
been plotted against wavelength for the two bias conditions. The theoretical data in 
figure 6.21(b) is of the change in the time-averaged gain of the device. Since the noise 
power is proportional to the average gain, the two may be compared qualitatively 
although not quantitatively. Good agreement is obtained between experiment and theory 
in this case; there is confirmation that the mechanism of noise reduction is indeed 
reduction of the average gain, also that it is due to the feedback, and not to the high 
frequency modulation.
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Figure 6.21(al Experimental change in noise power measured at 100 MHz, due to direct 
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Figure 6.21(hl Theoretical change in time-averaged gain, due to direct modulation and
resonant feedback respectively. Conditions as for figure 6.17(b).
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6.4.3 Discussion
The feedback method has been shown to provide significant improvement in the per­
formance of the bulk SOA. The harmonic distortion has been reduced by up to 18 dB, 
the low frequency noise power by up to 15 dB. The improvement is 
wavelength-dependent, as could be expected from a Fabry-Perot device, in which the 
carrier concentration and cavity gain are wavelength-dependent. There is not exact 
agreement between theoretical and experimental data for the wavelength dependence of 
the rf gain and the harmonic ratio. This could be due to inaccuracy or oversimplification 
of the model, or possibly to drifting of the SOA temperature during the measurement. 
The response of the device is very temperature sensitive.
Although the loop is resonating, and producing a high power electrical signal at 2.37 
GHz, comparison of the effect of direct modulation with that of the feedback loop 
confirms that feedback is taking place.
6.5 Conclusions
This chapter has described an experimental investigation of the effect of bias current 
feedback on the harmonic performance of an SOA.
Measurements of the deviation in photovoltage due to an optical signal reveal that its 
input power dependence is similar to that calculated in the previous chapter. The 
measured variation is of a similar order to that calculated.
A preliminary study, involving direct modulation of the SOA bias at the same frequency 
as the laser, has produced an increase of up to 17.75 dB opt in harmonic ratio, and up 
to 2.8 dB in rf gain. Theoretical analysis shows that there is an optimum value of rf 
modulating current; for a dc current of 55 mA and fibre input power of -7 dBm, this is 
calculated to be 7.5 mA peak to peak.
Use of a simple feedback loop has resulted in increases of up to 18 dB in HR and up to 
5.55 dB in modulated gain, and decreases of up to 15 dB in noise. Although there is a 
high frequency electrical resonance signal in the feedback loop, experimental and 
theoretical investigation has confirmed that feedback is taking place.
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Frequency Conversion
This chapter explores the use o f  a semiconductor optical amplifier as a modulation  
frequency convertor. Frequency upconversion is achieved through direct modulation 
o f  the bias current, or by the use o f  the resonant electrical feedback loop described in 
chapter 6, in conjunction with a modulated optical input. It is found that the efficiency 
o f  the conversion depends upon the optical signal wavelength, and the magnitude o f  the 
r f  modulating current. The resonant feedback method is found to give efficient modu­
lation o f  the SOA a t 2 .37 GHz, with harmonics generated up to 14.22 GHz. Wavelength 
conversion is observed, with shifts o f  up to 7.11 GHz achieved using resonant feedback. 
Frequency downconversion is demonstrated using both electro-optic and all-optical 
methods. The frequency change provided by the resonant feedback method is used to 
shift the output from  a Mach-Zehnder interferometer, and thus enable measurement o f  
the linewidth o f  a distributed feedback laser.
7.1 Introduction
There are many situations in which the modulation frequency of an optical signal may 
need to be converted by some method; for example the upconversion of a subcarrier to 
the carrier frequency prior to transmission, or the downconversion of a microwave carrier 
prior to signal processing. This may be done electronically, but it is often advantageous 
to perform the frequency mixing optically, for example using an optical amplifier. When 
two signals, modulated at different frequencies, enter the amplifier, by electrical or 
optical injection, they modulate the carrier density in the cavity. The combination of
7-  1
the two frequencies gives rise to the generation of mixing terms at the sum and difference 
frequencies (f2 ±/i), (f2 ± 2f x) etcetera, as well as higher harmonics of the two original 
frequencies. It was first suggested by Darcie et al in 1988 that a semiconductor optical 
amplifier might be suitable for frequency conversion applications [1], and an investi­
gation of this idea is described in this chapter.
This chapter is split into four sections. The first covers modulation frequency upcon- 
version, using direct modulation of the amplifier bias current; the signal wavelength and 
rf modulating current are varied, and the amplifier response investigated experimentally 
and theoretically. The second section examines frequency upconversion using the 2.37 
GHz electrical resonance signal present in the feedback loop. Electrical and optical 
spectra, taken under various conditions, are presented in this section. In the third section, 
the possibility of using an SOA for frequency downconversion of a microwave carrier 
is investigated. Lastly, the upconversion due to the resonance signal is used to frequency 
shift the output from a Mach-Zehnder interferometer, enabling the linewidth of a dfb 
laser to be measured as a function of output power.
7.2 Frequency Upconversion Using Bias Current Modulation
7.2.1 Introduction and Experimental Details
The experimental system is similar to that used to investigate bias current feedback, 
described in the previous chapter, but here the amplifier bias current is modulated using 
an HP rf sweep oscillator. A Picosecond Pulse Labs 20 GHz bias tee is used in the 
investigation of the modulation frequency dependence, with a 47 £2 impedance matching 
circuit in the rf line. Where experimental temporal plots are shown, they have been 
obtained with the use of a high frequency sampling scope, and a Thurlby DS A 524 digital 
storage adaptor.
The optical input signal to the amplifier is modulated to simulate the subcarrier, and the 
bias current is modulated with the carrier frequency. The subcarrier spectrum is to be 
shifted up to the carrier frequency.
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7.2.2 Modulation Frequency Dependence
In this section, the frequency response of the amplifier to an electrical modulation signal 
is investigated, as the optical input modulation is kept constant at 140 MHz, and the 
SOA bias current is modulated at frequencies between 200 MHz and 3.8 GHz. Because 
of the high loss of the impedance matching circuit, it has not been possible to maintain 
constant rf power outside this frequency range.
Figure 7.1 shows two sample frequency spectra of the output signal from the SOA, taken 
under the following conditions: SOA dc bias 80 mA; SOA temperature 17 °C; SOA bias 
rf modulation 18.05 mA peak, equivalent to that provided by the resonance signal from 
the feedback loop; average input power -8.6 dBm; optical modulation frequency 140 
MHz; optical modulation depth 68 %; laser temperature 18.5 °C. The signal wavelength 
corresponds to an FP gain trough. In figure 7.1(a) the electrical modulation (carrier) 
frequency is 800 MHz; all other conditions are as described above. The output power 
obtained at 800 MHz is -4.17 dBm, compared with -9.56 dBm obtained at the signal 
frequency of 140 MHz. The closeness of the two frequencies gives rise to many mixing 
terms in the frequency range shown. In figure 7.1(b) the carrier frequency is 3.8 GHz, 
all other conditions as before. Here the power obtained at the carrier frequency is only 
-12.25 dBm, due to the limiting effect of the carrier lifetime which prevents deep 
modulation of the carrier density at this frequency. However, the 140 MHz spectrum is 
shifted to the carrier frequency, and the power obtained at the sum and difference fre­
quencies is approximately -24 dBm, compared with -20 dBm for a carrier at 800 MHz. 
Thus, effective frequency shifting is obtained, even when the modulation frequency is 
several times that suggested by the carrier recombination lifetime.
Figure 7.2 shows the frequency dependence of the 140 MHz component of the SOA 
output, for dc and modulated bias, also the power in the high frequency component. The 
140 MHz fundamental is shown to be unchanged by the addition of electrical modulation, 
except for electrical modulation frequencies below 1 GHz, where there is considerable 
mixing between the two forms of modulation. The response to the high frequency 
modulation may be seen to be in the form of a low pass filter, the peaks are caused by 
phase effects, due to the fixed length of the cables.
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Figure 7.1 Frequency spectra of the SOA output showing electro-optic frequency mixing. 
SOA dc bias 80 mA, temperature 17 *C, rf modulation current 18.05 mA peak, average 
input power -8.6 dBm, optical modulation frequency 140 MHz, omi 68 %, dfb temperature 
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Figure 7.2 Electrical modulation frequency dependence of the SOA output power at 140 
MHz and at the electrical modulation frequency. SOA dc bias 80 mA, SOA temperature 
17 #C, average input power -8.6 dBm, optical modulation frequency 140 MHz, omi 68 %, 
dfb temperature 18.5 *C.
The output power in the high frequency component is 3 dB down at a frequency of 
approximately 1.2 GHz; this could be increased with the use of phase control in the bias 
modulation circuit. The output power at the electrical modulation frequency exceeds 
that at 140 MHz up to a frequency of 2.5 GHz; this is because the optical gain at this 
wavelength is reduced by Fabry-Perot effects. The wavelength at which this measure­
ment was taken corresponds to low optical gain. For this reason, at low modulation 
frequencies, the output power due to the electrical modulation is considerably higher 
than that due to the modulation on the optical input signal.
7.2.3 RF Power Dependence - 2.37 GHz
The rf modulation power dependence of the SOA response has also been investigated, 
using an electrical modulation signal at 2.37 GHz to match that produced by the feedback 
loop resonance. Two laser temperatures have been used; 16.5 °C corresponding 
approximately to an FP gain peak, and 19 °C corresponding approximately to an FP gain
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trough. The other experimental conditions are as follows: SOA dc bias 80 mA; SOA 
temperature 17 8C; average input power -8.43 dBm; optical modulation frequency 140 
MHz; optical modulation index 58 %.
Figure 7.3 shows the output power at 140 MHz and 2.37 GHz, for dc bias and rf 
modulation, for the two wavelengths.
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Figure 7.3 Dependence upon rf modulating current of the output powers at 140 MHz and
2.37 GHz, with the output at 140 MHz with dc bias for comparison. SOA dc bias 80 mA, 
temperature 17 *C, average input power -8.43 dBm, optical modulation frequency 140 
MHz, omi 58 %, dfb temperature (a) 19 *C (b) 16.5 *C.
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It may be observed in both cases that the addition of the high frequency electrical 
modulation signal has little or no effect on the fundamental output at 140 MHz. For 
both wavelengths, the power in the 2.37 GHz component shows signs of saturation as 
the modulation current is increased. The effect of the Fabry-Perot resonance may be 
seen in the fact that at a laser temperature of 16.5 °C, the power at 2.37 GHz never equals 
that at 140 MHz; at 19 °C, the power at 2.37 GHz exceeds that at 140 MHz for a peak 
rf current of 8 mA, or 10 % modulation. There is little difference between the output 
powers at 2.37 GHz at the two signal wavelengths.
S ample frequency spectra for the two wavelengths demonstrate the effect of FP resonance 
upon the modulation response of the amplifier. Figure 7.4(a) shows a spectrum taken 
for a laser temperature of 19 °C. All experimental conditions are as figure 7.3(a), except 
that the rf modulation current is 10 mA peak. The frequency component at 2.37 GHz 
is clearly dominant in this spectrum. Because this is a gain trough wavelength, and the 
optical gain is low, there are few harmonics of the 140 MHz signal; those harmonics 
which are present are reproduced around the 2.37 GHz peak, to form the sum and dif­
ference frequency components. Although the low frequency spectrum is not exactly 
replicated about the 2.37 GHz component, since the second harmonic has been almost 
completely removed, there is potential for the method of electro-optic frequency con­
version proposed by Darcie [1], here used possibly for multiplexing a subcarrier with 
the microwave carrier wave.
The spectrum for a laser temperature of 16.5 °C, shown in figure 7.4(b), has an rf 
modulating current of 8 mA peak, no spectrum being available for 10 mA modulation 
current. The 140 MHz frequency component is clearly dominant in this spectrum, 
although the 2.37 GHz peak may be distinguished. Since this wavelength corresponds 
to an FP gain peak, there are many strong harmonics of the 140 MHz optical signal. 
These mix with the harmonics around the 2.37 GHz electrical signal to produce the 
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Figure 7.4 Electrical frequency spectra showing electro-optic frequency mixing, (a) 
Conditions as figure 7.3(b) except rf modulating current 8 mA peak (b) conditions as figure 
7.3(b) except rf modulating current 8 mA peak.
7.2.4 Wavelength Dependence - 2.37 GHz
To investigate the wavelength dependence of the rf response due to the FP resonance, 
the output power at 140 MHz and 2.37 GHz has been measured over a range of dfb 
temperatures corresponding to almost one period of the gain ripple. These results are
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shown in figure 7.5, for the following conditions: SOA dc bias 80 mA; SOA temperature 
17 °C; rf modulation current 18.05 mA peak; average input power -8.3 dBm; optical 




140 MHz dc 140 MHz mod 2.37 GHz •   ■   *----
Figure 7.5 Wavelength dependence of SOA output power at 140 MHz and 2.37 GHz for 
dc bias and rf modulation. SOA dc bias 80 mA, temperature 17 *C, SOA modulating current 
18.05 mA peak, average input power -8.3 dBm, optical modulation frequency 140 MHz, 
omi 57 %.
Again, it may be seen that the application of high frequency electrical modulation has 
little effect upon the 140 MHz fundamental output signal. The wavelength dependence 
of the output power at 2.37 GHz is approximately out of phase with that at 140 MHz, 
for the reason given earlier. There is little variation with wavelength in the output power 
at 2.37 GHz.
7.2.5 Wavelength Dependence -1  GHz
An additional study has been carried out to compare the theoretical and experimental 
time dependence of the SOA output power with its electrical frequency spectrum, for 
different values of source wavelength. An electrical modulation frequency of 1 GHz 
has been used, since this is the highest frequency that the sampling scope is able to trigger 
on satisfactorily.
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To investigate the effect of signal wavelength, the time and frequency spectra have been 
measured for four laser temperatures, corresponding to a wavelength range of 3 nm. The 
time dependences have been simulated, and theoretical results are also shown.
Figures 7.6 - 7.9 show the time and frequency spectra for the following conditions: SOA 
dc bias 80 mA; SOA temperature 17 °C; rf modulation current 18 mA peak; average 
input power -8.47 dBm; optical modulation frequency 140 MHz; omi 60 %; dfb tem­
perature 17 °C, 18 °C, 19 °C and 20 °C respectively. The simulated results were obtained 
at wavelengths of 1311.25 nm, 1311.35 nm, 1311.45 nm and 1311.55 nm respectively.
The experimental and theoretical results agree well for the four wavelengths. At 17 °C, 
which represents a peak optical gain wavelength, the high frequency modulation is poorly 
defined in the temporal plots. Correspondingly, the frequency spectrum shows many 
frequency components between 140 MHz and 1 GHz. At 18 °C and 19 °C, both 
corresponding to trough wavelengths, the 1 GHz modulation is better defined, and the 
electrical spectra are cleaner, with fewer harmonics and mixing terms. At 20 °C, where 
the optical gain is beginning to rise again, the time spectra are less well defined, and the 
electrical frequency spectrum shows strong frequency mixing.
7.2.7 Discussion
This section, which investigates electro-optic frequency upconversion, shows that an 
SOA may be modulated through its bias current at frequencies up to 3.8 GHz; the 3 dB 
frequency is approximately 1.2 GHz.
The output power obtained at the electrical modulation frequency depends upon the 
optical signal wavelength, as does the purity of the modulated waveform. At a wave­
length corresponding to a Fabry-Perot gain peak, the electrical modulation frequency 
component is less powerful than the component at the optical modulation frequency, for 
all values of modulating current up to 30 mA peak. At a trough wavelength, where the 
gain for the optical input signal is low, the power in the high frequency electrical 
modulation component exceeds that in the low frequency optical modulation component 
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Figure 7.6 (a) Experimental time dependence of output power, (b) theoretical time 
dependence of output power, (c) experimental frequency spectrum. SOA dc bias 80 mA, 
SOA temperature 17 °C, rf modulation current 18 mA peak at 1 GHz, average input power 
-8.47 dBm, optical modulation frequency 140 MHz, omi 60 %, dfb temperature 17 °C, 
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(a) Experimental time dependence of output power, (b) theoretical time
dependence of output power, (c) experimental frequency spectrum. Conditions as for figure
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(a) Experimental time dependence o f output power, (b) theoretical time
dependence o f output power, (c) experimental frequency spectrum. Conditions as for figure
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Figure 7.9 (a) Experimental time dependence of output power, (b) theoretical time
dependence of output power, (c) experimental frequency spectrum. Conditions as for figure
7.6 except dfb temperature 20 *C, theoretical wavelength 1311.55 nm.
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7.3 Frequency Upconversion Using Resonant Electrical Feedback
7.3.1 Introduction and Experimental Details
The 2.37 GHz electrical resonance signal produced by the bias current feedback loop 
gives rise to efficient modulation of the amplifier bias current. This can be used to 
provide frequency mixing, in conjunction with a modulated optical input signal, and this 
section investigates this effect, using electrical and optical measurements.
The experimental system is identical to that described in chapter 6 for the investigation 
of the feedback technique; in addition, the optical spectra presented in subsection 7.3.3 
have been obtained using a scanning Fabry-Perot interferometer with a finesse of 
approximately 25.
7.3.2 Electrical Spectra
Figure 7.10 shows two frequency spectra, taken with and without bias current feedback, 
covering the range 100 MHz to 2.8 GHz, for the following conditions: SOA dc bias 80 
mA; SOA temperature 17 °C; average input power -8.57 dBm; optical modulation fre­
quency 140 MHz; omi 55 %;dfblaser temperature 16.8 °C. The lighter coloured spectrum 
has been obtained with the SOA dc biased, the darker spectrum under feedback 
conditions. Two effects are evident in this spectrum: firstly the effect of the high fre­
quency electrical modulation, which reproduces the low frequency spectrum as sum and 
difference components around 2.37 GHz; secondly the feedback, which reduces the 
harmonic distortion, completely removing all frequency components above the fourth 
harmonic, and flattens the noise floor. In this case, although the rf gain has been reduced 
by 1.7 dB, the harmonic distortion and low frequency noise have been decreased by 11.4 
dB and 15.4 dB respectively. The power in the 2.37 GHz frequency component is -8.5 
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Figure 7.10 Electrical frequency spectra, with and without bias current feedback. SOA dc 
bias 80 mA, temperature 17 *C, average input power -8.57 dBm, optical modulation fre­
quency 140 MHz, omi 55 %, laser temperature 16.8 *C.
Figure 7.11 shows the wavelength variation of the power at 2.37 GHz, compared with 
the power at 140 MHz, and with the power obtained at 2.37 GHz under direct bias 
modulation (from figure 7.5). Here it may be seen that, while the application of direct 
bias current modulation leaves the 140 MHz component unchanged, the effect of 
feedback is to effectively flatten the Fabry-Perot gain ripple, as reported in chapter 6. 
Where the 2.37 GHz frequency component is concerned, both modulation methods cause 
the wavelength dependence to be out of phase with that at 140 MHz; the power obtained 
with resonant feedback is, however, higher than that obtained through direct modulation, 
and shows a greater variation with wavelength. This is almost certainly due to the 
reinforcing effect of the feedback loop, which is feeding back signals at both 140 MHz 
and 2.37 GHz.
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Figure 7.11 Wavelength variation of output power at 140 MHz and 2.37 GHz under 
conditions of dc bias, resonant feedback and direct bias current modulation. SOA dc bias 
80 mA, temperature 17 #C, SOA rf modulation current 18 mA peak, average input power 
-8.3 dBm, optical modulation frequency 140 MHz, omi 57 %.
A further study was undertaken, to discover the power available in the higher harmonics 
of the 2.37 GHz feedback resonance signal. The wavelength dependence of the power 
in the first six harmonics is plotted in figure 7.12, for the following conditions: SOA dc 
bias current 80 mA; SOA temperature 17 °C; average input power -8.6 dBm; optical 
modulation frequency 140 MHz; omi 53 %. Wavelength dependence may be observed, 
due to the high facet reflectivities of the device. The maximum power obtained at 2.37 
GHz is -2.2 dBm, 6.4 dB higher than the average input power. A maximum of -20 dBm 
is generated in the sixth harmonic, at 14.22 GHz. The upconversion of the 140 MHz 
signal, as demonstrated in figure 7.10, is repeated up to a centre frequency of 14.22 GHz; 
the high frequency roll-off of the SOA modulation response, and the rising noise floor 
of the spectrum analyser, prevent the accurate measurement of higher harmonics.
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Figure 7.12 Wavelength dependence of the output power in the first six harmonics of 2.37 
GHz feedback resonance signal. SOA dc bias 80 mA, temperature 17 *C, average input 
power -8.6 dBm, optical modulation frequency 140 MHz, omi 53 %.
7.3.3 Optical Spectra
The sidebands generated in the electrical spectrum, at 2.37 GHz spacing, may be expected 
to appear in the optical spectrum; this is in fact the case. This effect has possible 
applications in densely packed WDM systems, in which the channels may only be spaced 
by a few gigahertz, and so the wavelength shift provided by the feedback technique 
should suffice.
Optical spectra have been measured for a variety of laser wavelengths, with and without 
feedback, and sample results are presented in figures 7.13 - 7.16, for laser temperatures 
between 17 °C and 20 °C. The measurement conditions are as follows: SOA dc bias 80 
mA; SOA temperature 17 °C; average input power -8.6 dBm; optical modulation fre­
quency 140 MHz; omi 12.5 %. The low modulation index was necessary to prevent 
laser chirp obscuring the effect of the feedback resonance. Although the vertical axes 
are labelled in arbitrary units, they are all plotted to the same scale, and may be compared
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directly. The finesse of the Fabry-Perot interferometer does not permit the sidebands at 















Figure 7.13 Optical spectra of SOA output power (a) with dc bias (b) with resonant
feedback. SOA dc bias 80 mA, temperature 17 #C, average input power -8.6 dBm, optical



















Figure 7.14 Optical spectra of SOA output power (a) with dc bias (b) with resonant



















Figure 7.15 Optical spectra of SOA output power (a) with dc bias (b) with resonant














Figure 7.16 Optical spectra of SOA output power (a) with dc bias (b) with resonant
feedback. Conditions as figure 7.13 except laser temperature 20 *C.
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The reduction in average gain, previously quoted as the mechanism for noise reduction, 
may be seen here in the form of dc carrier suppression. The wavelength dependence of 
the optical carrier suppression has been measured, and compared with the change in 
electrical noise, for the conditions described above, and the results are presented in figure 
7.17. The correlation between optical carrier suppression and electrical noise reduction 
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Figure 7.17 Correlation between optical carrier suppression and electrical noise reduction 
due to resonant bias current feedback. Conditions as figure 7.13.
Figure 7.18 shows an optical spectrum in which the dc carrier has been strongly 
suppressed by the feedback-induced sidebands. This spectrum was taken using a laser 












Figure 7.18 Optical spectrum obtained with resonant feedback showing dc carrier sup­
pression. SOA dc bias 35.5 mA, temperature 17 #C, average input power -8.8 dBm, optical 
modulation frequency 140 MHz, omi 13 %, laser temperature 18.5 #C.
To show that this method of resonant electrical feedback modulates the SOA more 
effectively than direct bias current modulation, figure 7.19 is an optical spectrum taken 
under the same conditions as figure 7.13, but with direct modulation of the bias current. 






Figure 7.19 Optical spectrum taken with direct modulation of the SOA bias current at 2.37 
GHz. SOA dc bias 80 mA, temperature 17 *C, modulating current 18 mA peak, average 




The high frequency modulation of the SOA is found to be more effective when aided 
by electrical feedback. Effective modulation frequency conversion is obtained up to a 
centre frequency of 14.22, the sixth harmonic of the feedback resonance signal. Suc­
cessful wavelength conversion is demonstrated using the resonant feedback circuit; no 
such conversion is observed when direct modulation is employed. The mechanism of 
noise reduction is confirmed as suppression of the dc gain of the SOA.
7.4 Frequency Downconversion for Subcarrier Multiplexing Applica­
tions
7.4.1 Introduction and Experimental Details
The optical carriers used in subcarrier multiplexed systems are modulated at frequencies 
of the order of gigahertz. It may thus be necessary to downconvert the carrier frequency 
prior to detection and demultiplexing, and this is investigated here as a possible appli­
cation for semiconductor optical amplifiers.
Two methods of frequency mixing are considered; electro-optic, in which the SOA bias 
current is directly modulated to produce mixing with the modulated optical input, and 
all-optical, in which two laser sources are used, modulated at different frequencies. The 
experimental systems are shown in figures 7.20 and 7.21. In figure 7.21, the biasing 
arrangements for the lasers and the SOA have been omitted for simplicity; as before, 
they are biased and modulated via bias tees.
The two sources used are the dfb and multimode lasers described before; where the dfb 
is used, it is directly modulated using a Gigatronics rf source; the multimode laser is 
modulated using the Hewlett-Packard rf sweep oscillator used in chapter 6; the SOA is 
modulated by the Systron-Donner source. The fibre immediately after the dfb is wound 
around a section of plastic pipe, to simulate the losses experienced in a fibre system.
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Figure 7.20 Experimental system used to investigate electro-optic modulation frequency 












  Optical connection
Figure 7.21 Experimental system used to investigate all-optical modulation frequency 
mixing in an optical amplifier.
7-26
7.4.2 Electro-Optic Frequency Downconversion
In this experiment, the dfb is used as the source, modulated at 2 GHz to represent the 
optical carrier; the SOA bias is modulated at 1.5 GHz, the local oscillator (LO) frequency, 
f to. The difference frequency,/,. - f lo, of 0.5 GHz is required at the output.
/p
-  15.5R dBm
2GHz
3 d B /d iv
START 400  MHz STOP 6 .1 0 0  GHz
(a)
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START 400  MHz STOP 6 .1 0 0  GHz
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Figure 7.22 Electrical spectra of (a) SOA output power dc biased (b) SOA output with rf 
modulation of 30 mA peak. SOA dc bias 80 mA, temperature 17 °C, rf modulating current 
30 mA peak, average input power -22.07 dBm, carrier frequency 2 GHz, omi 70.7 %, LO 
frequency 1.5 GHz, laser temperature 16.5 #C.
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Two frequency spectra are presented in figure 7.22 to show the effect of electro-optic 
frequency mixing. The conditions are as follows: SOA dc bias 80 mA; SOA temperature 
17 °C; rf modulation current 30 mA peak; average input power -22.07 dBm; omi 70.7 
%; laser temperature 16.5 °C, corresponding to a gain trough at this value of input power.
Figure 7.23 shows the corresponding spectra for a laser temperature of 18.5 °C, corre­
sponding to a peak gain wavelength.
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(b)
Figure 7.23 Electrical spectra of (a) SOA output power dc biased (b) SOA output with rf
modulation of 30 mA peak. Conditions as figure 7.22 except laser temperature 18.5 °C.
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It may be observed that there is more power available in the difference frequency 
component at the peak gain wavelength, although there is slightly less power at 1.5 GHz 
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Figure 7.24 Dependence upon SOA modulation current of output power components at 
the carrier, LO and difference frequencies. Conditions as figure 7.22 except laser tem­
perature (a) 16.5 *C (b) 18.5 *C.
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Figure 7.24 shows the dependence upon the magnitude of the rf modulating current of 
the output power at the carrier frequency, the LO frequency and the difference frequency, 
for both signal wavelengths.
In both cases the application of the rf modulation has no significant effect on the output 
at the signal frequency; the decline in power observed in figure 7.24(b) is due to tem­
perature effects in the rf source used to modulate the laser. The output at the LO frequency 
increases with rf modulation current, but shows signs of saturation at higher currents, 
as does the power in the difference frequency component. Where the signal wavelength 
corresponds to a peak gain wavelength (7.24(b)), higher power is obtained at the dif­
ference frequency; the variation with wavelength observed here is more than 5 dB.
7.4.3 All-Optical Frequency Downconversion
In this case the dfb is modulated at 2 GHz to represent the optical carrier, and the 
multimode laser is modulated at 1.5 GHz to act as the local oscillator. The two signals 
are mixed in the fibre coupler, before entering the SOA. Two dfb wavelengths are again 
used, to investigate the effect of signal wavelength.
Figure 7.25 shows input and output power spectra for the following conditions: SOA dc 
bias 80 mA; SOA temperature 17 6C; dfb temperature 16.5 °C; dfb average power -18.65 
dBm; dfb omi 77 %; multimode laser average power -12.58 dBm; omi 60.11 %. The 
input spectrum, figure 7.25(a), shows the two frequency components of the input signal. 
A weak mixing component is visible at 3.5 GHz (fc + f 0). The ripples in the spectrum 
around 2 GHz are produced by the multimode laser when directly modulated.
In the output spectrum, figure 7.25(b), several sum and difference and harmonic terms 
may be seen. The power obtained at the difference frequency, 0.5 GHz, is -22.08 dBm.
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Figure7.25 Electrical frequency spectra of (a) input signal and (b) SOA output for all-optical 
frequency mixing. SOA dc bias 80 mA, temperature 17 *C, dfb temperature 16.5 ‘C, average 
power -18.65 dBm, omi 77 %, multimode laser average power -12.58 dBm, omi 60.11 %.
The power in the difference frequency is slightly higher when a dfb temperature of 18.5 










J . l tAAj r  ^'iAaaAA' ——I
START 400  MHz
■3.55 dBm









*11 A A./ Wn/J *1r I —a_A JV
START 400  MHz STOP 6 .1 0 0  GHz
(b)
1-optical frequency
mixing. Conditions as figure 7.25 except dfb temperature 18.5 #C.
The output power at the difference frequency may be greatly enhanced if the SOA bias 
current is modulated at this frequency, as shown in figures 7.27(a) and (b) for the 
conditions used in figures 7.25 and 7.26, and a modulating current of 5 mA peak. This
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is not a practical systems solution, however, since all three modulation frequencies would 
require very tight control, as would the phase of the modulating current with respect to 
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Figure 7.27 Electrical frequency spectra of the SOA output power for all-optical frequency 
mixing enhanced by direct modulation of the SOA bias current, (a) conditions as figure 
7.25 with SOA rf modulating current 5 mA peak at 0.5 GHz, (b) conditions as figure 7.26 
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Figure 7.28 shows the output power obtained at the signal, LO and difference frequencies, 
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Figure 7.28 Dependence upon local oscillator optical modulation index of SOA output 
power at carrier, LO and difference frequencies. Conditions as figure 7.24 except dfb 
temperature (a) 16.5 *C and (b) 18.5 #C.
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There is a small variation in power at the signal frequency due to the increased omi of 
the LO signal; this is due to variations in the input signal to the SOA. Again, there is 
evidence of saturation of the power at the difference frequency as the LO signal is 
increased. At the peak wavelength (18.5 °C), the difference signal may be made 
comparable to that obtained using electro-optic mixing (figure 7.24(b)); at the trough 
wavelength (16.5 °C), the difference signal is considerably higher than for electro-optic 
mixing under comparable conditions.
7.4.4 Discussion
Two types of modulation frequency conversion have been investigated; electro-optic 
and all-optical. It has been found that the signal wavelength has a strong effect on the 
output spectrum of the SOA, due to the high facet reflectivity of the device, and so 
eventual use of this method in SCM systems will require a travelling-wave or near 
travelling-wave device. All-optical frequency mixing, in which the signal and local 
oscillator frequencies are both optically transmitted, is shown to be more effective than 
the electro-optic method, and may be enhanced further if the SOA bias current is 
modulated at the required frequency.
7.5 Laser Linewidth Measurement
7.5.1 Introduction and Experimental Details
For the long-haul, high bit rate optical communication systems of the future, very narrow 
line sources are required. The linewidths of these lasers, which may be of the order of 
kilohertz, cannot be measured by monochromators or Fabry-Perot interferometers. 
However, the Mach-Zehnder interferometer, which has long been used to analyse laser 
phase noise [2], has proved itself equal to the task [3].
In an unbalanced Mach-Zehnder interferometer, the input signal is split into two paths, 
one being delayed with respect to the other, and recombined at the output. The inter­
ference between the two components of the signal converts the optical phase noise at 
the input of the device to intensity noise at the output. Thus, the electrical spectrum of 
the output, viewed on a spectrum analyzer, represents the optical spectrum at the input.
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Because the interference signal at the output of the interferometer is centred at 0 Hz, 
however, it is necessary in many situations to shift it up in frequency, using for example 
an acousto-optical modulator. However, modulators introduce loss into the system, and 
in an unbalanced high resolution system one path could conceivably be several kilometres 
long. Here, optical gain may be required to enhance fringe visibility at the output.
In this case, the linewidth to be measured is that of the dfb laser, and it is proposed that 
the optical amplifier resonant feedback system could be used to provide frequency 
shifting of the interference signal from 0 Hz to 2.37 GHz. The experimental system 
used to assess the feasibility of this technique is shown in figure 7.29. The input to the 
spectrum analyser used in this experiment has a capacitor to block any dc signal; for this 
reason, the spectrum between ±10 MHz is unreliable, and thus the frequency shift is 
necessary in this case for an accurate observation of the laser spectrum.
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Figure 7.29 Laser linewidth measurement system, consisting of singlemode fibre unbal­
anced Mach-Zehnder interferometer and semiconductor optical amplifier with resonant 
electrical feedback.
The Mach-Zehnder is an unbalanced singlemode fibre device, with a 38 m delay line, 
corresponding to a delay time of approximately 0.19 ps, which gives a measurement 
resolution of approximately 5.26 MHz. The optical amplifier is inserted into the long 
arm of the interferometer, where it can perform frequency shifting, using the resonant
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electrical feedback circuit, and also compensate for any losses induced by the delay line. 
The measurement should also be possible with the SOA circuit either before or after the 
interferometer.
7.5.2 Results
The laser linewidth has been measured under cw conditions, as the modulated output 
from the SOA obscures the effects of chirp. This is a disadvantage of this method, which 
it should be possible to overcome with further research.
Figure 7.30 shows sample frequency spectra of the interferometer output, obtained both 
without and with the SOA in the interferometer. The conditions are as follows: SOA 
dc bias 80 mA; SOA temperature 17 °C; dfb temperature 18 °C; Mach-Zehnder input 
power -8.26 dBm. The blue line represents the spectrum obtained without the SOA 
present in the interferometer, the red line that observed with the addition of the SOA 
and feedback circuit.
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Figure 7.30 Frequency spectra o f Mach-Zehnder interferometer output signal, with and
without the SOA as frequency shifter. SOA dc bias 80 mA, temperature 17 *C,
Mach-Zehnder input power -8.26 dBm, laser temperature 18 *C.
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The sharp spike at 0 Hz, and that at approximately -150 MHz, are generated by the dc 
source inside the spectrum analyser; that at 2.37 GHz is the narrow line emitted by the 
SOA due to the modulation of the resonant feedback. Measurement of the linewidth of 
this frequency component is limited by the minimum resolution of the spectrum analyser, 
which is 1 kHz, and so this line is not expected to interfere with laser linewidth 
measurements.
It may be observed from this spectrum that the addition of the SOA with resonant 
electrical feedback has no significant effect on the spectrum around 0 Hz, also that the 
laser phase noise spectrum has been reproduced at 2.37 GHz, enabling measurement of 
the linewidth. The use of resonant feedback, as opposed to direct modulation of the 
SOA bias current to produce the frequency shift, has the added advantages of low output 
noise and distortion, increased depth of modulation, and a narrow linewidth.
As the delay in the long arm of the interferometer is longer than the laser coherence time 
(approximately equal to the inverse of the linewidth), the phase noise spectrum at the 
output of the interferometer is expected to be Lorentzian in shape [3]. A simple com­
parison between experimental lineshapes and a pure Lorentzian function has confirmed 
this to be the case, and thus it may be assumed that the observed linewidth is twice the 
real value [3].
The linewidth of the dfb has been measured for four different laser temperatures 
(wavelengths), and the results are plotted in figure 7.31, as a function of the inverse of 
the fibre output power. The SOA dc bias is again 80 mA, and its temperature 17 °C. 
The dfb bias current is varied to alter the output power.
The function has the classic form [4], the linewidth decreasing linearly with inverse 
output power until a minimum is reached, after which it begins to rise again. As the 
minimum linewidth measured is of the order of 50 MHz, the measurement is not limited 
by the resolution of the interferometer.
7.5.3 Discussion
Measurement of laser linewidth, using a Mach-Zehnder interferometer and an optical 
amplifier with resonant electrical feedback, has been demonstrated. It has been shown 


















and that it acts as an efficient frequency shifter. The linewidth of a dfb laser has been 
measured, at four different wavelengths, as a function of inverse fibre output power. 
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Figure 7.31 DFB laser linewidth as a function of inverse output power measured by 
Mach-Zehnder interferometer using an SOA and resonant feedback circuit as frequency 
shifter. SOA dc bias 80 mA, temperature 17 *C, dfb temperature (a) 17 *C (b) 18 *C (c) 
19 *C (d) 20 *C.
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7.6 Conclusions
This chapter has investigated several different methods of frequency conversion, using 
an optical amplifier. Frequency upconversion has been achieved using direct modulation 
of the bias current of the SOA, in conjunction with a modulated optical input signal. It 
is shown that the SOA can be modulated at frequencies up to 3.8 GHz, with a 3 dB down 
frequency of 1.2 GHz. The output power at the electrical modulation frequency, and 
the form of the electrical frequency spectrum, depend upon the signal wavelength, due 
to the high facet reflectivities of this device.
Frequency upconversion has also been demonstrated using the 2.37 GHz signal generated 
by the SOA electrical feedback loop. Effective conversion of the 140 MHz optical signal 
is demonstrated up to a centre frequency of 14.22 GHz, the sixth harmonic of the feedback 
resonance signal. The use of resonant feedback produces higher output power at 2.37 
GHz than direct bias current modulation of the same rf power, due to the reinforcing 
effect of the bias current feedback signal. Wavelength conversion is also demonstrated, 
an effect which could find applications in dense WDM systems. This effect is not 
observed under conditions of direct bias current modulation, confirming that the resonant 
feedback method provides more effective modulation of the SOA gain. DC gain sup­
pression is confirmed as the mechanism of noise reduction reported in chapter 6.
Modulation frequency downconversion, expected to find applications in SCM receivers, 
has been investigated using electro-optic and all-optical techniques. Again, the effec­
tiveness of the conversion depends upon the signal wavelength. All-optical mixing is 
found to be more effective than the electro-optic technique, and may be reinforced by 
direct modulation of the SOA bias current.
The frequency conversion provided by the resonant feedback circuit has been used to 
shift the output from a Mach-Zehnder interferometer from 0 Hz to 2.37 GHz, and thus 
permit measurement of the linewidth of a dfb laser. The insertion of the SOA circuit 
into the interferometer makes no appreciable difference to the observed linewidth, due 
to the low noise, low distortion characteristics of the SOA with feedback.
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This dissertation is concerned with the use of semiconductor optical amplifiers in ana­
logue amplitude modulated systems, their advantages and disadvantages, and how their 
performance may be improved.
Future widespread use of optical fibre systems has exciting implications for the worlds 
of entertainment, communications and computing. The wide bandwidths and high data 
rates offered by lightwave systems are expected to enable the provision of a wide range 
of facilities and services not presently available. These new systems will rely on optical 
amplification, whether to boost the signal at the transmitter, to overcome fibre and 
branching losses, or to preamplify a weak signal prior to detection. Although doped 
fibre amplifiers have the advantages of high gain and low distortion at 1.5 Jim, semi­
conductor optical amplifiers have the ability to perform signal manipulation and pro­
cessing, in addition to providing optical gain.
However, the same mechanisms which enable the SOA to carry out switching, multi­
plexing and frequency conversion also cause high levels of signal distortion, a major 
disadvantage in analogue systems. Before SOAs can be used in such systems, therefore, 
the distortion mechanisms must be understood, with a view to optimising device per­
formance.
To this end, two computer models have been developed to predict the response of an 
SOA to a wide variety of stimuli, and these are described in chapter 3. Using the rate 
equation as a starting point, the model includes the effects of Fabry-Perot resonance, 
spontaneous emission, nonradiative and Auger recombination, gain spectral effects, 
electrical heating and current leakage. The data obtained from the computer programs 
agrees well with experimental results from a bulk buried heterostructure optical
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amplifier. It has been found that the level of distortion generated by a particular device 
depends in part upon the saturation power of the device, also that Fabry-Perot resonance 
caused by the reflective end facets strongly influences the distortion levels.
Chapter 4 explores the design of a low distortion device, having high input saturation 
power. A multi-quantum-well structure is used, and the effect on the saturation input 
power of varying each of the physical dimensions is investigated. It is concluded that 
a high saturation power device needs to have a short cavity, offset by a large electrical 
thickness to provide the necessary gain, and a large optical volume to increase the output 
power obtained for a given intensity. Theoretical and experimental data have established 
both that MQW devices can outperform bulk devices, and that SO As need to be specially 
designed for specific applications.
It is not always feasible to design a new device for a particular application, and chapter 
5 proposes a novel method of improving the harmonic performance, with the use of an 
electrical feedback loop to reduce the modulation of the cavity carrier concentration by 
the optical input signal. Mathematical analysis and computer simulation predict sig- 
nificantreduction in phase and harmonic distortion using this technique, and this is borne 
out by the experimental results presented in chapter 6. Harmonic distortion has been 
reduced by up to 18 dB using electrical feedback, and low frequency noise has been 
reduced by up to 15 dB. The rf gain may also be enhanced using this method; increases 
of up to 5.5 dB have been obtained. The effects of feedback are wavelength-dependent, 
since the device under study has relatively high values of facet reflectivity.
One of the processing applications to which the SOA is admirably suited is modulation 
frequency conversion. This has been investigated in chapter 7, for both up and down- 
conversion of the frequency of an optical signal. Using direct modulation of the amplifier 
bias current, a 140 MHz optical subcarrier has been mixed with a high frequency carrier, 
for carrier frequencies of up to 3.8 GHz. The efficiency of the conversion, and the purity 
of the spectrum, are strongly wavelength-dependent. The electrical feedback loop used 
previously to reduce distortion can also be used to modulate the amplifier, using a 2.37 
GHz resonance signal generated by the electronics in the loop. Using this method, the 
140 MHz signal can be shifted up to a carrier frequency of up to 14.22 GHz, the sixth 
harmonic of the feedback resonance signal. Wavelength conversion is also observed, 
by up to 7.11 GHz, an effect which could find applications in dense WDM systems, in
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which the channels are closely spaced. Downconversion of a high frequency optical 
carrier, of possible use in SCM receivers, has been demonstrated using both electrical 
and optical local oscillator signals. More efficient conversion is obtained using an 
all-optical technique, than when an electro-optic method is used. Lastly, the modulation 
provided by the resonant feedback circuit is used to shift the output from a Mach-Zehnder 
interferometer from 0 Hz, and thus enable measurement of the cw linewidth of a dis­
tributed feedback laser.
The final conclusions of this work are as follows. Firstly, that for high performance 
optical amplification in an analogue system, a device with a high input saturation power 
is needed to reduce harmonic distortion. If it is not possible to acquire a specially designed 
device, the distortion may be reduced with the use of electrical feedback to reduce the 
modulation of the carrier density by the optical signal. SO As can be used to provide 
efficient modulation frequency conversion of an optical signal by electro-optic or 
all-optical methods, by several gigahertz, a capability which may be enhanced by the 
presence of electrical feedback. All of the experiments carried out in the course of this 
study have exhibited strong wavelength dependence of the SOA response; this confirms 
that travelling wave devices are vital for most commercial applications.
This work has left some questions unanswered, and there is scope for further research 
into this subject. Given the efficient modulation of the SOA by the high frequency 
resonance frequency produced by the feedback loop, it would be useful to determine the 
maximum fundamental frequency at which this effect operates. This could be done by 
altering the effective length of the feedback loop to change the resonance frequency. 
More work could also be done to optimise the electro-optic and all-optical frequency 
downconversion, with a view to fulfilling applications in SCM systems. The insertion 
of the SOA with resonant feedback into the Mach-Zehnder interferometer was very 
successful, but it is not yet possible to measure chirped linewidths, as the modulation 
on the SOA output signal obscures the linewidth measurement.
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